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 要  旨 
クラウドファンディングとは，起業家がインターネット等を通じ，銀行等の金融仲介者を介
さずに幅広く個人に投資を募る方法である．クラウドファンディングのプラットフォーム例
としては，CAMPFIRE や kickstarterなどがある．クラウドファンディングのメリットとし
て，(1)銀行等からの融資と比べると資金集めが容易であり，起業が容易，(2)少額から気軽
に事業へ投資する事が出来るなどがある．  
一方，現行のクラウドファンディング方式において，プラットフォームから資金を得た起業
家が資金を持ち逃げしてしまう可能性がある．このような問題を起業家のモラルハザードと
呼ぶ．起業家のモラルハザードが多発すると，クラウドファンディングプラットフォームが
市場としての信頼を失ってしまうと考えられる． 
クラウドファンディングは実社会で運用されているが，クラウドファンディングメカニズム
の研究は少ない．メカニズムデザインの例として，Rolandによる，起業家のモラルハザード
を考慮したクラウドファンディングのメカニズムデザインがある．しかし，Rolandのモデル
は複雑であり，遂行可能なメカニズムを求める事ができず，モデルの解析が困難である． 
そこで，Myersonによって提案された，プリンシパル・エージェントモデルに対する，線形
計画問題による解析アプローチを取り入れた．双対理論を用いたメカニズムデザインは，ク
ラウドファンディングのモデルを線形計画問題として定式化し，双対理論による遂行可能な
メカニズムの特徴づけを与えることが出来る． 
本研究では，Rolandらの考案したメカニズムを混合整数計画問題として表現し，双対理論
を用いたアプローチによってメカニズムの性質を解析することを目的とする．主たる結果と
して，モラルハザードを考慮しない場合におけるクラウドファンディングにおいて，個人合
理性と実行可能性を満たすメカニズムに対して解析を行い，性質を明らかにした．さらに，
モラルハザードを考慮したクラウドファンディングを展開系ゲームとしてモデル化し，2段
階の混合整数計画問題として定式化した． 
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1 ͸͡Ίʹ
Ϋϥ΢υϑΝϯσΟϯάͱ͸ɼىۀՈ͕Πϯλʔωοτ౳Λ௨͡ɼۜߦ౳ͷۚ༥஥հ
ऀΛհͣ͞ʹ෯޿͘ݸਓʹ౤ࢿΛืΔํ๏Ͱ͋ΔɽΫϥ΢υϑΝϯσΟϯάͷϓϥοτ
ϑΥʔϜྫͱͯ͠͸ɼCAMPFIRE [4] ΍ kickstarter [5] ͳͲ͕͋ΔɽΫϥ΢υϑΝϯ
σΟϯάͷϝϦοτͱͯ͠ɼىۀՈଆͷϝϦοτ͸ۜߦ౳͔Βͷ༥ࢿͱൺ΂ΔͱࢿۚूΊ
͕༰қͰ͋Γɼىۀ͕༰қɼސ٬ଆ͔ΒͷϝϦοτ͸গֹ͔Βؾܰʹࣄۀ΁౤ࢿ͢Δࣄ͕
ग़དྷΔͳͲ͕͋Δɽ
ҰํɼݱߦͷΫϥ΢υϑΝϯσΟϯάํࣜʹ͓͍ͯɼϓϥοτϑΥʔϜ͔ΒࢿۚΛಘͨ
ىۀՈ͕ࢿۚΛ࣋ͪಀ͛ͯ͠͠·͏Մೳੑ͕͋Δɽ࣮ࡍʹɼkickstaterΛར༻ͯ͠ࢿۚΛ
ूΊͨޙɼސ٬ͱԻ৴ෆ௨ʹͳͬͨاۀ͕ސ٬ʹૌ͑ΒΕͨέʔε [13] ͕ଘࡏ͢Δɽ͜
ͷΑ͏ͳ໰୊ΛىۀՈͷϞϥϧϋβʔυͱݺͿɽىۀՈͷϞϥϧϋβʔυ͕ଟൃ͢Δͱɼ
Ϋϥ΢υϑΝϯσΟϯάϓϥοτϑΥʔϜ͕ࢢ৔ͱͯ͠ͷ৴པΛࣦͬͯ͠·͏Մೳੑ͕͋
Δɽ͔͠͠ɼϞϥϧϋβʔυʹର͢Δબ޷৘ใ͸ىۀՈͷࢲత৘ใͰ͋ΔͨΊɼϓϥοτ
ϑΥʔϜ͔Βͷ؍ଌ͸ࠔ೉Ͱ͋Δɽ
Ϋϥ΢υϑΝϯσΟϯά͸࣮ࣾձͰӡ༻͞Ε͍ͯΔ͕ɼΫϥ΢υϑΝϯσΟϯάϝΧχ
ζϜͷݚڀ͸গͳ͍ɽ਺গͳ͍ϝΧχζϜσβΠϯͷྫͱͯ͠ɼRoland [11]ʹΑΔɼى
ۀՈͷϞϥϧϋβʔυΛߟྀͨ͠Ϋϥ΢υϑΝϯσΟϯάͷϝΧχζϜσβΠϯ͕͋Δɽ
͔͠͠ɼRoland [11]ͷϞσϧ͸ඇৗʹෳࡶͰ͋Γɼ਱ߦՄೳͳϝΧχζϜΛٻΊΔࣄ͕
Ͱ͖ͣɼϞσϧͷղੳ͕ࠔ೉Ͱ͋Δɽͦ͜ͰɼMyersonʹΑͬͯఏҊ͞ΕͨɼϓϦϯγύ
ϧɾΤʔδΣϯτϞσϧʹର͢Δɼઢܗܭը໰୊ʹΑΔղੳΞϓϩʔν [10] ΛऔΓೖΕ
ΔɽϓϦϯγύϧɾΤʔδΣϯτϞσϧ͸ɼܦࡁऔҾ΍ܖ໿ΛϞσϧԽ͢Δࡍʹ༗ޮͰ͋
Γ [2]ɼΫϥ΢υϑΝϯσΟϯάͷϞσϧʹ͍ۙɽΫϥ΢υϑΝϯσΟϯάͷϞσϧΛࠞ
߹੔਺ܭը໰୊ͱͯ͠ఆࣜԽ͢Δ͜ͱͰɼ૒ରཧ࿦ʹΑΔ਱ߦՄೳͳϝΧχζϜͷಛ௃ͮ
͚Λ༩͑Δ͜ͱ͕ग़དྷΔɽ
૒ରཧ࿦Λ༻͍ͨϝΧχζϜͷݚڀ͸ɼBayesianΦʔΫγϣϯͷϝΧχζϜσβΠϯ
[14]Λ͸͡Ίͱ͢Δࢢ৔ʹదԠ͞Ε͍ͯΔɽ૒ରཧ࿦Λ༻͍ͨϝΧχζϜσβΠϯ͸ɼϝ
ΧχζϜΛಋग़͢Δ͚ͩͰͳ͘ɼϝΧχζϜͷੑ࣭ͷղੳʹ΋࢖ΘΕΔख๏Ͱ͋Δɽ
ຊݚڀͰ͸ɼRolandͷߟҊͨ͠ϝΧχζϜΛࠞ߹੔਺ܭը໰୊ͱͯ͠දݱ͠ɼ૒ରཧ
࿦ Λ༻͍ͨΞϓϩʔνʹΑͬͯϝΧχζϜͷੑ࣭Λղੳ͢Δ͜ͱΛ໨తͱ͢ΔɽओͨΔ
݁Ռͱͯ͠ɼRolandͷϝΧχζϜΛ௚઀ٻΊΔํ๏Λࣔ͠ɼϞϥϧϋβʔυΛߟྀ͠ͳ
͍৔߹ʹ͓͚ΔΫϥ΢υϑΝϯσΟϯάϝΧχζϜͷੑ࣭Λ໌Β͔ʹͨ͠ɽ͞ΒʹɼϞϥ
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ϧϋβʔυΛߟྀͨ͠Ϋϥ΢υϑΝϯσΟϯάΛల։ܕήʔϜͱͯ͠ϞσϧԽ͠ɼ2ஈ֊
ͷઢܕܭը๏ͱͯ͠ఆࣜԽͨ͠ɽ
࠷ޙʹຊ࿦จͷߏ੒Λࣔ͢ɽୈೋষͰ͸ɼຊݚڀʹ͓͚Δجૅ஌ࣝʹ͍ͭͯड़΂ɼୈࡾ
ষͰ͸ɼઌߦݚڀʹ͍ͭͯड़΂Δɽͦͷޙɼୈ࢛ষʹ͓͍ͯϞϥϧϋβʔυΛߟྀ͠ͳ͍
Ϋϥ΢υϑΝϯσΟϯάϝΧχζϜʹ͍ͭͯٞ࿦͠ɼୈޒষͰϞϥϧϋβʔυΛߟྀ͢Δ
Ϋϥ΢υϑΝϯσΟϯάϝΧχζϜΛٞ࿦͢Δɽͦͯ͠ɼୈ࿡ষͰ·ͱΊͱࠓޙͷల๬Λ
ड़΂Δɽ
3
2 ४උ
ຊষͰ͸ɼຊݚڀʹؔ͢Δجૅ஌ࣝʹ͍ͭͯड़΂Δɽ
2.1 දهͷಋೖ
ຊ࿦จͰѻ͏දهΛ͍͔ͭ͘ಋೖ͢Δɽ·ͣ n࣍ݩͷϕΫτϧ (v1, . . . , vi, . . . , vn)T ͔
Β i൪໨ͷཁૉ vi Λআ͍ͨ n − 1࣍ݩͷϕΫτϧΛ v−i = (v1, . . . , vi−1, vi+1, . . . , vn)T
ͱఆٛ͠ɼϕΫτϧͷ૊ (v¯i,v−i)Λ
ɹ (v¯i,v−i) = (v1, . . . , v¯i, . . . , vn)T
ͱఆٛ͢Δɽ
ଓ͍ͯɼn࣍ݩͷϕΫτϧͰ͢΂ͯͷ੒෼͕ 0Ͱ͋ΔϕΫτϧΛ 0n ͱදه͢Δɽ·ͨɼ
n×mܕߦྻͰશͯͷཁૉ͕ 0Ͱ͋ΔߦྻΛ On×m Ͱදه͠ɼ1͔Β੔਺ n·Ͱͷ੔਺
ͷू߹Λ [n] = {1, . . . , n}ͱදه͢Δɽ
·ͨɼb,v ∈ Rn ʹ͓͍ͯɼ
∀i ∈ [n], bi ≥ vi
Ͱ͋ΔࣄΛ b ≥ v ͱදه͠ɼ
∀i ∈ [n], bi > vi
Ͱ͋ΔࣄΛ b > v ͱදه͢Δɽ
2.2 Ϋϥ΢υϑΝϯσΟϯά
Ϋϥ΢υϑΝϯσΟϯάͱ͸ɼΠϯλʔωοτΛ௨͡ΫϦΤΠλʔ΍ىۀՈ͕ෆಛఆଟ
਺ͷਓ͔ΒࢿۚΛืΔํ๏Λࢦ͠ [3]ɼ͍͔ͭ͘ͷج४ʹΑͬͯ෼ྨ͞ΕΔɽ͜ͷج४͸ɼ
ϓϥοτϑΥʔϜ౳ʹΑ༷ͬͯʑͰ͋Δ͕ɼຊݚڀͰ͸ઌߦݚڀ [11]ͷج४Λ༻͍Δɽ
Ϋϥ΢υϑΝϯσΟϯάͷ෼ྨ͸ސ٬΁ͷใुʹΑΔ෼ྨͱɼىۀՈ͕໨ඪͱ͍ͯ͠Δ
ֹۚʹୡ͠ͳ͔ͬͨࡍͷࢧԉۚͷॲཧʹΑΔ෼ྨͷ̎ͭͷج४͕͋Δɽද 1ʹސ٬΁ͷใ
ुʹΑΔ෼ྨΛɼද 2ʹىۀՈ͕໨ඪͱ͍ͯ͠Δֹۚʹୡ͠ͳ͔ͬͨࡍͷࢧԉۚͷॲཧʹ
ΑΔ෼ྨΛࣔ͢ɽ࣍ʹɼΫϥ΢υϑΝϯσΟϯάͷొ৔ਓ෺Λఆ͓ٛͯ͘͠ɽ
ఆٛ 2.1. Ϋϥ΢υϑΝϯσΟϯάͷొ৔ਓ෺͸ɼ࣍ͷ 3छྨͰ͋Δɽ
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ද 1 ใुʹΑΔ෼ྨ
ใुͷछྨ ໊শ
ใुͳ͠ د෇ܕ
ۚમతใु ౤ࢿܕ
ۚમҎ֎ͷใु Ϧϫʔυܕ
ද 2 ࢧԉۚͷॲཧʹΑΔ෼ྨ
ॲཧ ໊শ
ฦۚΛߦ͏ all-or-nothingܗࣜ
ฦۚΛߦΘͳ͍ all-inܗࣜ
• ىۀՈͱ͸ɼΫϥ΢υϑΝϯσΟϯάͷϓϥοτϑΥʔϜΛ௨ͯ͡ɼࣄۀΛߦ͏ҙ
ࢤͷ͋Δਓ෺Ͱ͋Δɽ
• ސ٬ͱ͸ɼϓϥοτϑΥʔϜΛ௨ͯ͡ىۀՈΛࢧԉ͢Δཱ৔ʹ͋Δਓ෺Ͱ͋Δɽ
• ϓϥοτϑΥʔϜఏڙऀͱ͸ɼىۀՈͱސ٬ʹΫϥ΢υϑΝϯσΟϯάͷ৔Λఏڙ
͢Δਓ෺Ͱ͋Δɽ
Ϋϥ΢υϑΝϯσΟϯάʹ͓͍ͯɼىۀՈͱސ٬͸ҙࢥܾఆΛߦ͏ओମͰ͋Γɼ͜ΕΛϓ
ϨΠϠʔͱݺͿɽҰํɼϓϥοτϑΥʔϜఏڙऀ͸ɼࣄલʹܾΊͨϧʔϧʹैͬͯৼΔ෣
͏ਓ෺Ͱ͋ΔͨΊɼҙࢥܾఆΛߦ͏ϓϨΠϠʔͰ͸ͳ͍ࣄʹ஫ҙ͢Δɽ
ҰൠʹΫϥ΢υϑΝϯσΟϯά͸ҎԼͷΑ͏ͳεΩʔϜͰ਱ߦ͞ΕΔɽ
step 1 ىۀՈ͸໨ඪֹۚɼظݶͱސ٬΁ͷࢧԉΛϓϥοτϑΥʔϜఏڙऀʹਃࠂ͢Δɽ
step 2 ֤ސ٬͸ࣄۀʹର͢ΔධՁΛϓϥοτϑΥʔϜఏڙऀʹਃࠂ͢Δɽ
step 3 ࢧԉۚͷ૯ֹ͕໨ඪֹۚҎ্Ͱ͋Δͱ͖ɼϓϥοτϑΥʔϜఏڙऀ͸ɼىۀՈʹ
ࢿۚΛૹۚ͢Δɽ
step 4 ىۀՈ͸ࢿۚΛಘΔࣄ͕Ͱ͖ͨ৔߹ɼͦͷࢿۚΛݩʹࣄۀΛߦ͍ɼސ٬ʹ੒Ռ෺
Λఏڙ͢Δɽ
Ҏ্ͷεΩʔϜͰϓϥοτϑΥʔϜఏڙऀ͕ܾఆ͢Δ΋ͷ͸ɼ੒Ռ෺Λ୭ʹׂ౰ͯΔ͔
Λද͢ؼ݁ͱ֤ސ٬ͷࢧ෷͍Ͱ͋Δɽͳ͓ࠓޙɼ੒Ռ෺ͷࣄΛࡒͱݺͿɽ΋্͠هεΩʔ
5
Ϝʹ͓͍ͯɼϓϥοτϑΥʔϜ͔ΒࢿۚΛೖखͨ͠ىۀՈ͕ࣄۀΛߦ͏͜ͱͳ͘ɼࢿۚΛ
࣋ͪಀ͛ͨ͠৔߹ɼىۀՈͷϞϥϧϋβʔυ͕ൃੜͨ͠ͱ͍͏ɽ
2.3 Ϋϥ΢υϑΝϯσΟϯάϝΧχζϜ
ܦࡁऔҾʹ͓͚ΔϝΧχζϜͱ͸ɼϝΧχζϜઃܭऀ͕ܦࡁతʹ๬·͍݁͠ՌΛಋͨ͘
ΊͷϧʔϧͰ͋ΔɽಛʹɼΫϥ΢υϑΝϯσΟϯάʹ͓͍ͯϝΧχζϜઃܭऀ͸ϓϥοτ
ϑΥʔϜͷఏڙऀΛࢦ͠ɼϝΧχζϜʹ͓͚Δҙࢥܾఆʹ͸ؔ༩͠ͳ͍͜ͱʹ஫ҙ͢Δɽ
͜͜Ͱɼސ٬ͷू߹ΛN = [n]ɼىۀՈ͕ͱΔࣄͷग़དྷΔઓུͷू߹Λ S0ɼސ٬ i ∈ N
͕ͱΔࣄͷग़དྷΔઓུͷू߹Λ Si ͱ͠ɼશͯͷϓϨΠϠʔͷઓུͷ૊ΛूΊͨू߹Λ
S =∏ni=0 Si ͱఆٛ͢Δɽ
ϓϨΠϠʔͷؼ݁ͱ͸ɼϓϨΠϠʔ͕Ϋϥ΢υϑΝϯσΟϯάʹࢀՃͨ݁͠ՌΛࢦ͢ɽ
ྫ͑͹ɼϦϫʔυܕΫϥ΢υϑΝϯσΟϯάʹ͓͍ͯɼސ٬ͷؼ݁ͱ͸ɼىۀՈʹΑͬͯ
ੜ࢈͞ΕΔࡒͷׂ౰Λࢦ͢ɽىۀՈͷؼ݁શମ͔ΒͳΔू߹Λ X0 ͱ͠ɼސ٬ i ∈ N ΁ͷ
ؼ݁શମ͔ΒͳΔू߹Λ Xi ͱ͢Δɽ͜͜Ͱɼx0 ∈ X0 ͰىۀՈͷؼ݁Λද͠ɼxi ∈ Xi Ͱ
ސ٬ i ∈ N ͷؼ݁Λද͢ɽ͞ΒʹɼશϓϨΠϠʔͷؼ݁ͷ૊Λ (x0, . . . , xn)Ͱද͠ɼશ
ϓϨΠϠʔͷؼ݁ͷ૊ΛूΊͨू߹Λ X = ∏ni=0 Xi ͱ͢Δɽ֤ϓϨΠϠʔͷઓུͷ૊Λ
ೖྗͱ͠ɼ֤ϓϨΠϠʔͷؼ݁ͷ૊Λग़ྗ͢Δؔ਺ R˜M : S → X Λؼ݁ϝΧχζϜͱఆ
ٛ͢Δɽ
·ͨɼސ٬ i ∈ N ͷࢧ෷͍શମ͔ΒͳΔू߹Λ Ti ͱ͠ɼސ٬ i ∈ N ͷࢧ෷͍Λ ti ∈ Ti
Ͱද͢ɽ͞Βʹɼશͯͷސ٬ͷࢧ෷͍Λɼ(t1, . . . , tn)T Ͱද͠ɼશͯͷސ٬ͷࢧ෷͍શମ
ͷू߹Λ T = ∏i∈N Ti ͱ͢Δɽ֤ϓϨΠϠʔͷઓུΛೖྗͱ͠ɼ֤ϓϨΠϠʔͷࢧ෷͍
Λग़ྗ͢Δؔ਺ P˜M : S → T Λࢧ෷͍ϝΧχζϜͱఆٛ͢Δɽ
Ҏ্Λ༻͍ͯɼΫϥ΢υϑΝϯσΟϯάϝΧχζϜΛ࣍ͷ༷ʹఆٛ͢Δɽ
ఆٛ 2.2. Ϋϥ΢υϑΝϯσΟϯάϝΧχζϜ (CF ϝΧχζϜ) ͸ɼؼ݁ϝΧχζϜ
R˜M : S → X ͱࢧ෷͍ϝΧχζϜ P˜M : S → T ͷ૊ CFM = (R˜M, P˜M) ͱͯ͠ఆٛ
͢Δɽ
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2.4 ೋऀ୒Ұͷఆཧ
ຊݚڀͰ͸ɼCFMΛઢܗܭը໰୊ʹ؇࿨ٞ͠࿦͢ΔɽͦͷͨΊɼղੳʹ͓͍ͯॏཁͳ
ҐஔΛ઎ΊΔೋऀ୒Ұͷఆཧʹ͍ͭͯ঺հ͢Δɽ࣍ͷΑ͏ͳઢܗܭը໰୊Λߟ͑Δɽ
⟨P ⟩
⎧⎪⎨⎪⎩
min 0Tns
s.t. As ≥ b,
s ≥ 0nɽ
͜͜Ͱɼ A ∈ Rm×n+ , c ∈ Rn, b ∈ Rm ͸ఆ਺ɼs ∈ Rn ͸ܾఆม਺Ͱ͋Δͱ͢Δɽ
ఆٛ 2.3. ෆ౳ࣜܥ
As > b, s > 0n
Λຬͨ͢ s ∈ Rn Λ ⟨P ⟩ͷ಺఺ڐ༰ղͱఆٛ͠ɼ͜ͷ ⟨P ⟩ͷ಺఺ڐ༰ղͷू߹ P Λ
P = { s ∈ Rn | As > b, s > 0n }
ͱ͢Δɽ
⟨P ⟩ͷ૒ର໰୊ ⟨DP ⟩Λߟ͑Δɽ
⟨DP ⟩
⎧⎪⎨⎪⎩
max bTu
s.t. ATu ≤ 0n
u ≥ 0mɽ
ࣜ (1)Ͱఆٛ͢Δɼ͜ͷ ⟨DP ⟩ͷղू߹ͷ෦෼ू߹Λ D ͱݺͿɽ
D = {u ∈ Rm|bTu ≥ 0, ATu ≤ 0n,u ≥ 0m,u ̸= 0m} . (1)
P ͱ D ͷؒʹ͸࿬ͱଜদ [7] ʹΑͬͯҎԼͷೋऀ୒Ұͷఆཧͱݺ͹ΕΔؔ܎͕ࣔ͞Ε
͍ͯΔɽ
ఆཧ 2.1. P ͱ D ʹ͍ͭͯৗʹͲͪΒ͔Ұํ͕ඞͣ੒Γཱͭɽ
1. P = ∅ =⇒ D ̸= ∅ɽ
2. D = ∅ =⇒ P ̸= ∅ɽ
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3 ؔ࿈ݚڀ
3.1 RolandͷΫϥ΢υϑΝϯσΟϯάϞσϧ
ຊষͰ͸Ϋϥ΢υϑΝϯσΟϯάͷϝΧχζϜσβΠϯʹ͍ͭͯؔ࿈͢ΔݚڀΛ঺հ͢
Δɽ͸͡ΊʹɼىۀՈͷϞϥϧϋβʔυΛߟྀͨ͠Ϋϥ΢υϑΝϯσΟϯάͷϝΧχζϜ
σβΠϯΛߦͬͨ RolandͷϞσϧ [11]ʹ͍ͭͯৄ͘͠ड़΂Δɽ
Roland͕ର৅ʹͨ͠Ϋϥ΢υϑΝϯσΟϯά͸ɼىۀՈ͕ 1ਓɼސ٬͕ nਓͷϦϫʔ
υܕ all-or-nothing ܗࣜͷΫϥ΢υϑΝϯσΟϯάͰ͋ΔɽRoland ͸ɼ͜ͷΫϥ΢υ
ϑΝϯσΟϯάʹ͓͍ͯɼ֤ސ٬͸ࡒΛߴʑ 1ͭ·Ͱ͔͠ಘΔࣄ͕ग़དྷͳ͍ͱ͍ͯ͠Δɽ
·ͨɼ͜ͷϞσϧͷಛ௃ͱͯ͠ɼϓϥοτϑΥʔϜ͸ىۀՈ΁ͷૹۚΛࣄۀΛߦ͏લͱࣄ
ۀΛߦͳͬͨޙʹ෼ׂͯ͠ߦ͏ɽࣄۀΛߦ͏લͷૹۚΛࣄલૹۚɼࣄۀΛߦͬͨޙͷૹۚ
ΛࣄޙૹۚͱݺͿɽૹۚΛ෼ׂ͢Δཧ༝͸ɼىۀՈ͕࣋ͪಀ͛͢Δ༠ҼΛݮΒͨ͢ΊͰ͋
ΔɽىۀՈ͸࣍ͷΑ͏ͳࣄۀίετ I ͱੜ࢈ίετ cΛ࣋ͭɽ
ࣄۀίετ I ∈ R+: ىۀՈ͕ࣄۀΛ࢝ΊΔͨΊʹඞཁͱ͢Δίετɽ
ੜ࢈ίετ c ∈ [0, 1): ىۀՈ͕ࡒΛ 1ͭੜ࢈͢ΔͨΊʹඞཁͱ͢Δίετɽ
͜͜ͰɼىۀՈ͕ϓϥοτϑΥʔϜʹਃࠂ͢Δࣄۀίετͱੜ࢈ίετͷ૊ΛूΊͨ༗ݶ
ू߹Λ K ⊆ R+ × [0, 1)ͱ͢Δɽࠓޙɼࣄۀίετͱੜ࢈ίετͷ૊ (I, c)Λ୯ʹίετ
ͱݺͿɽ͜ΕΒͷίετ͸ɼىۀՈͷΈ͕஌͍ͬͯΔࢲత৘ใͰ͋Δɽ͜ΕΛར༻ͯ͠ɼ
ىۀՈ͸ӕͷίετΛਃࠂ͢ΔࣄͰɼࣗ਎ͷརಘΛߴΊΑ͏ͱ͢Δ༠Ҽ͕͋Δɽ࣮ࡍʹࣄ
ۀΛߦ͏ࡍʹඞཁͱͳΔࣄۀίετͱੜ࢈ίετΛਅͷࣄۀίετͱੜ࢈ίετͱݺͼɼ
(I∗, c∗) ∈ KΛ༻͍ͯද͢ɽ
ސ٬ͷू߹Λ N = [n]ͱ͠ɼ֤ސ٬ i ∈ N ͸ࣄۀʹର͢ΔධՁΛ͍࣋ͬͯΔɽ͜͜Ͱ
͸ɼސ٬ iͷࣄۀ΁ͷධՁΛ vi ∈ { 0, 1 }ͱఆٛ͢Δɽશͯͷސ٬ͷධՁΛද͢ϕΫτϧ
v = (v1, . . . , vn)T ͱ͠ɼ͜ΕΛධՁϕΫτϧͱݺͿɽ͜ͷධՁϕΫτϧͷऔΓಘΔ஋શ
ମͷू߹Λ V = {0, 1}n ͱ͢Δɽ·ͨɼސ٬ i ∈ N ͸ࣄۀ΁ͷࣗ਎ͷධՁΛ஌͍ͬͯΔ
͕ɼਃࠂ͢ΔධՁΛૢ࡞͢ΔࣄͰɼࣗ਎ͷརಘΛߴΊΑ͏ͱ͢Δ༠Ҽ͕͋Δɽސ٬ i ∈ N
ͷ࣮ࡍͷࣄۀ΁ͷධՁΛਅͷධՁͱݺͼɼv∗i Λ༻͍ͯද͢ɽ·ͨɼސ٬ i ∈ N ͷਅͷධ
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ՁͰ͸ͳ͍ධՁΛ v∗ci ͱදه͠ɼ
v∗ci =
{
1 if v∗i = 0
0 if v∗i = 1
ͱఆٛ͢Δɽ
CFM͕ग़ྗ͢Δؼ݁Λ n+1࣍ݩϕΫτϧ x = (x0, x1, . . . , xn)T Λ༻͍ͯɼҎԼͷΑ
͏ʹఆٛ͢Δɽ
x0 =
{
1 if ϓϥοτϑΥʔϜఏڙऀ͸ىۀՈʹࣄۀקࠂΛߦ͏
0 otherwise,
xi =
{
1 if ސ٬ i ∈ N ʹࡒΛ 1ׂͭ౰ͯΔ
0 otherwiseɽ
͜ΕΛؼ݁ϕΫτϧͱ͍͏ɽ͜͜ͰɼϓϥοτϑΥʔϜఏڙऀ͕ىۀՈʹࣄۀΛߦ
͏Α͏ʹקࠂ͢Δ͜ͱΛɼࣄۀקࠂͱݺͿɽ֤ސ٬ i ∈ N ͕ϓϥοτϑΥʔϜ΁
ࢧ෷͏ࣄલૹۚͷֹۚͱࣄޙૹۚͷֹۚΛɼͦΕͧΕɼඇෛͷ࣮਺஋ΛͱΔม਺Λ
༻͍ͯɼtai ∈ R+, tpi ∈ R+ ͱఆٛ͢Δɽ·ͨɼશͯͷސ٬ͷࣄલࢧ෷͍Λ n ࣍ݩ
ͷϕΫτϧ ta = (ta1 , . . . , t
a
n)
T ∈ Rn+ Λ༻͍ͯද͠ɼࣄޙࢧ෷͍Λ n ࣍ݩϕΫτϧ
tp = (tp1, . . . , t
p
n)
T ∈ Rn+ Λ༻͍ͯද͢ɽ͞ΒʹɼϕΫτϧͷ૊ (ta, tp)Λ෼ׂϕΫτϧͱ
ݺͼɼtͰද͢ɽؼ݁ϕΫτϧ xͱ෼ׂϕΫτϧ tͷ૊Λׂ౰ a = (x, t)ͱఆٛ͢Δɽ
RolandͷϞσϧͰ͸ɼΫϥ΢υϑΝϯσΟϯά͸ҎԼͷΑ͏ʹ਱ߦ͞ΕΔɽ
step 1 ىۀՈ͕ίετ (I, c) ∈ KΛϓϥοτϑΥʔϜʹਃࠂ͢Δɽ
step 2 ֤ސ٬ i ∈ N ͸ϓϥοτϑΥʔϜʹධՁ vi ∈ {0, 1}Λਃࠂ͢Δɽͨͩ͠ɼސ٬
͸ىۀՈͷਃࠂͨ͠ίετΛ஌Δ͜ͱ͸Ͱ͖ͳ͍ࣄʹ஫ҙ͢Δɽ
step 3 ϓϥοτϑΥʔϜ͸ىۀՈʹࣄۀקࠂ x0 ∈ {0, 1}Λਃࠂ͢Δɽ
step 4
• x0 = 0ͳΒ͹,ϓϥοτϑΥʔϜʹΑΔૹۚ T ͸ 0ͱͳΔɽ͢ͳΘͪɼىۀ
Ո͸ࣄۀΛߦΘͳ͍ɼސ٬͸ϓϥοτϑΥʔϜʹԿ΋ࢧ෷Θͳ͍ɽ
• x0 = 1ͳΒ͹ɼىۀՈ͸ϓϥοτϑΥʔϜ͔Βૹۚ T =
∑
i∈N
tai ΛडऔΓɼ̎
ͭͷߦಈΛબ୒͢Δɼ
– ૹ͔ۚΒ αT ͚ͩ࣋ͬͯಀ͛Δ (α ∈ [0, 1]ɽ͜͜Ͱɼα͸ࣄલʹܾ·ͬͯ
͍Δ΋ͷͱ͢Δɽ
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– ࣄۀΛߦ͏.
֤ސ٬ i ∈ N ͸ϓϥοτϑΥʔϜʹ tai ͚ͩૹۚΛߦ͏ɽ
step 5 ࣍ͷॲཧ͸ɼx0 = 1ͷͱ͖ͷΈߦΘΕΔɽ
1. ىۀՈ͕ࣄۀΛߦ͏ͳΒ͹ɼϓϥοτϑΥʔϜ͸֤ސ٬ i ∈ N ʹରͯ͠ɼࡒͷ
෼഑ xi ∈ {0, 1}Λܾఆ͠ɼىۀՈʹ xΛૹ৴͢Δɽ
2. ىۀՈ͸෼഑ xʹै͍ɼࣄۀͰੜ࢈͞ΕͨࡒΛׂ౰ͯɼ֤ ސ٬ i ∈ N ͸ϓϥο
τϑΥʔϜʹ tpi ͚ͩૹۚ͢Δɽ
3. ىۀՈ͕ࡒΛൃૹޙɼϓϥοτϑΥʔϜ͸ىۀՈʹ࢒Γͷૹۚ
∑
i∈N
tpi Λߦ͏ɽ
ׂ౰ΛධՁ͢Δई౓ͱͯ͠ɼىۀՈͱސ٬ͷརಘΛ߹Θͤͨ૯༨৒Λఆٛ͢Δɽͦ͜
Ͱɼ·ͣىۀՈͱސ٬ͷརಘΛఆٛ͢Δɽ
ఆٛ 3.1. ׂ౰ a = (x, t)ʹΑΔىۀՈͷརಘ͸ސ٬͔Βͷૹۚͷ૯ֹ͔Βੜ࢈ʹ͔͔ͬ
ͨίετΛҾ͍ͨ΋ͷɼ͢ͳΘͪɼ∑
i∈N
(tai + t
p
i )− I∗x0 − c∗
∑
i∈N
xi
ͱఆٛ͢Δɽ·ͨɼސ٬ i ∈ N ͷརಘ͸ɼධՁ͍ͯͨ͠ࡒΛಘͨޮ༻͔Βࢧ෷͍ΛҾ͍ͨ
΋ͷͱ͢Δɽ͢ͳΘͪɼސ٬ i ∈ N ͷརಘΛ
v∗i xi − (tai + tpi )
ͱఆٛ͢Δɽ
Ҏ্Λ༻͍ͯɼׂ౰ a = (x, t)ʹ͓͚Δ૯༨৒͸∑
i∈N
(tai + t
p
i )− I∗x0 − c∗
∑
i∈N
xi +
∑
i∈N
{v∗i xi − (tai + tpi )}
=
∑
i∈N
(v∗i − c∗)xi − I∗x0
ͱͳΔɽ
3.1.1 Ϋϥ΢υϑΝϯσΟϯάϝΧχζϜ
Roland ͷϞσϧʹ͓͚Δ CFM ʹ͍ͭͯઆ໌͢ΔɽىۀՈͷͱΔࣄ͕ग़དྷΔઓུͷ
ू߹͸ɼਃࠂͰ͖Δίετͷू߹ K Ͱ͋Γɼސ٬ i ∈ N ͷͱΔࣄ͕ग़དྷΔઓུͷू
߹͸ {0, 1} Ͱ͋Γɼશͯͷސ٬ͷઓུͷ૊શମͷू߹͸ V = {0, 1}n Ͱ͋ΔɽΑͬͯɼ
શͯͷϓϨΠϠʔͷઓུશମͷू߹͸ K × V Ͱ͋Δɽ·ͨɼશͯͷϓϨΠϠʔͷؼ݁
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શମͷू߹͸ {0, 1}n+1 Ͱ͋Γɼશͯͷސ٬ͷࢧ෷͍Λද͢ࢧ෷͍શମΛද͢ू߹͸
Rn+ × Rn+ Ͱ͋ΔɽैͬͯɼCFM ͸ ؼ݁ϝΧχζϜ R˜M : K × V → {0, 1}n+1 ͱࢧ෷
͍ϝΧχζϜ P˜M : K × V → Rn+ × Rn+ ͷ૊ͱͳΔɽࠓޙɼࢧ෷͍ϝΧχζϜΛ෼ׂϝ
ΧχζϜͱݺͿɽؼ݁ϝΧχζϜʹೖྗ ((I, c),v)Λ༩͑ͨࡍͷग़ྗΛ R˜M((I, c),v)ͱ
දه͢Δɽಉ༷ʹɼ෼ׂϝΧχζϜʹೖྗ ((I, c),v) Λ༩͑ͨࡍͷग़ྗΛ P˜M((I, c),v)
ͱ͠ɼސ٬ i ∈ N ͷࣄલૹۚΛ P˜Mai ((I, c),v)ɼࣄޙૹۚΛ P˜M
p
i ((I, c),v) ͱ͢Δɽ
͜͜Ͱ P˜M((I, c),v) = (P˜M
a
((I, c),v), P˜M
p
((I, c),v)) ͱ͢ΔɽҎ্ͷఆ͔ٛΒɼू
߹ K ͱސ٬ͷू߹ N , ىۀՈͷਅͷίετ (I∗, c∗), ސ٬ͷਅͷධՁ v∗ ͱ CFM ͷ૊
(K,N , (I∗, c∗),v∗,CFM)Λ༻͍ͯɼΫϥ΢υϑΝϯσΟϯάΛද͢ɽ
࣍ʹ CFM ʹ๬·ΕΔੑ࣭ʹ͍ͭͯఆٛ͢Δɽ·ͣɼCFM ͷग़ྗ͢Δׂ౰ʹ͓͍ͯɼ
࣍ͷΑ͏ͳ࣮ߦՄೳੑʹ͍ͭͯߟ͑Δɽ
ఆٛ 3.2. CFM = (R˜M, P˜M)͕࣮ߦՄೳੑΛຬͨ͢ͱ͸ɼ೚ҙͷೖྗ ((I, c),v)ʹର͠
ͯɼ࣍ͷෆ౳ࣜܥΛຬͨ͢͜ͱΛݴ͏ɽ∑
i∈N
P˜M
a
i ((I, c),v) ≥ I∗R˜M0((I, c),v), (2)∑
i∈N
(P˜M
a
i ((I, c),v) + P˜M
p
i ((I, c),v)) ≥ I∗R˜M0((I, c),v) + c∗
∑
i∈N
R˜Mi((I, c),v), (3)
nR˜M0((I, c),v) ≥
∑
i∈N
R˜Mi((I, c),v)ɽ (4)
͜͜Ͱɼ֤ࣜ͸ͦΕͧΕҎԼͷҙຯΛද͍ͯ͠Δɽ
• ࣜ (2)͸ɼىۀՈ͕ސ٬ͷࣄલૹۚʹΑͬͯɼࣄۀίετΛࢧ෷͑ͳ͚Ε͹͍͚ͳ
͍͜ͱΛ͍ࣔͯ͠Δɽ
• ࣜ (3)͸ɼىۀՈ͕ސ٬͔ΒͷૹۚʹΑͬͯɼࣄۀΛߦ͏্Ͱ͔͔Δ૯ίετΛࢧ
෷͑ͳ͚Ε͹͍͚ͳ͍͜ͱΛ͍ࣔͯ͠Δɽ
• ࣜ (4)͸ɼىۀՈ͕ࣄۀΛߦ͍ͬͯͳ͚Ε͹ɼސ٬͸ࡒΛಘΔ͜ͱ͕Ͱ͖ͳ͍͜ͱ
Λ͍ࣔͯ͠Δɽ
ࣜ (2)ͱࣜ (3)Λຬͨ͢ͱ͖ɼCFM͸༧ࢉ࣮ߦՄೳੑΛຬͨ͢ͱݴ͍ɼࣜ (4)Λຬͨ͢
ͱ͖ɼCFM͸։ൃ࣮ߦՄೳੑΛຬͨ͢ͱݴ͏ɽ։ൃ࣮ߦՄೳੑΛຬ্ͨͨ͠Ͱ CFMͷ
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ग़ྗ͢Δׂ౰͕༩͑Δ࠷େͷ༨৒ʹ͍ͭͯ࣍Λఆٛ͢Δɽ
ఆٛ 3.3. ύϨʔτ࠷దͳؼ݁ϝΧχζϜ R˜M
∗
: K× V → X ͱ͸ɼ࣍ͷΑ͏ͳؼ݁ϝΧ
χζϜͷ͜ͱΛࢦ͢ɽ
R˜M
∗
0((I, c),v) =
⎧⎨⎩1 if
∑
i∈N
v∗i ≥ I
∗
1−c∗
0 otherwise,
R˜M
∗
i ((I, c),v) =
⎧⎨⎩v
∗
i if
∑
i∈N
v∗i ≥ I
∗
1−c∗
0 otherwiseɽ
ύϨʔτ࠷దͳؼ݁ϝΧχζϜ͸ɼ։ൃ࣮ߦՄೳੑΛຬ্ͨͨ͠Ͱɼ૯༨৒Λ࠷େԽ͢
Δؼ݁ϕΫτϧ xΛग़ྗ͢Δɽͦͯ͠ɼ૯༨৒Λ࠷େԽ͢Δؼ݁ϕΫτϧ x͸ɼධՁ͠
͍ͯΔސ٬ͷΈʹରͯ͠ࡒΛׂ౰ΔࣄΛ͍ࣔͯ͠Δɽৄ͘͠͸࿦จ [11]Λࢀর͞Ε͍ͨɽ
࣍ʹɼސ٬ͱىۀՈͷརಘΛܭࢉ͢Δҝʹɼརಘؔ਺Λఆٛ͢Δɽ
ఆٛ 3.4. ىۀՈͷਅͷίετ (I∗, c∗)ʹର͠ɼىۀՈ͕ίετ (I, c) ∈ KΛਃࠂ͠ɼސ
٬͕ v Λਃࠂͨ͠ࡍͷىۀՈͷརಘΛࣜ (5)Ͱఆٛ͢Δɽ
Π((I, c),v|(I∗, c∗)) =
∑
i∈N
(P˜M
a
i ((I, c),v) + P˜M
p
i ((I, c),v))
−
(
I∗R˜M0((I, c),v) + c∗
∑
i∈N
R˜Mi((I, c),v)
)
(5)
step 4ʹ͓͍ͯɼىۀՈ͸ސ٬ͷධՁΛ஌Δࣄ͕Ͱ͖ͳ͍ͨΊɼࣜ (5)Λܭࢉ͢Δࣄ͕
ग़དྷͳ͍ɽͦͷͨΊɼརಘͷظ଴஋Λߟ͑ͯਃࠂ͢Δίετ (I, c) ∈ KΛܾఆ͢Δɽىۀ
Ոͷظ଴རಘؔ਺Λఆٛ͢ΔͨΊʹඞཁͳॾఆٛΛߦ͏ɽ
ఆٛ 3.5. ϓϥοτϑΥʔϜఏڙऀʹରͯ͠ɼධՁϕΫτϧ v ͕ਃࠂ͞ΕΔ֬཰Λ π(v)
ͱ͠ɼىۀՈ͕ίετ (I, c)Λਃࠂͨ͠ͱ͖ࣄલૹ͕ۚ T =
∑
i∈N
tai ʹͳΔΑ͏ͳධՁϕΫ
τϧ v ͷू߹Λ V (T |(I, c)) = {v ∈ V|∑i∈N P˜Mai ((I, c),v) = T ∧ R˜M0((I, c),v) = 1}
ͱఆٛ͢Δɽ·ͨɼίετ (I, c) ∈ K ͕ਃࠂ͞Εͨͱ͖ɼࣄલૹۚ T = ∑i∈N tai ∈ R+
͕ୡ੒͞ΕΔ֬཰ P Λ
P (T |(I, c)) =
∑
v∈V (T |(I,c))
π(v) (6)
ͱఆٛ͢Δɽ
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ߋʹɼىۀՈ͕ίετ (I, c) ∈ KΛਃࠂ͠ɼࣄલૹۚ T ∈ R+ ͕ୡ੒͞Εͨͱ͖ɼධՁ
ϕΫτϧ͕ v ∈ V Ͱ͋Δ֬཰Λ
η(v|T, (I, c)) =
{
π(v)
P (T |(I,c)) if v ∈ V (T |(I, c))
0 otherwise
ͱఆٛ͢Δɽ
ఆٛ 3.6. ىۀՈͷਅͷίετ (I∗, c∗)ʹର͠ɼىۀՈ͕ίετ (I, c) ∈ KΛਃࠂ͠ɼࣄલ
ૹۚ T Λಘͨͱ͖ɼࣄۀΛߦͬͨىۀՈ͕ಘΔظ଴རಘΛදؔ͢਺Λࣜ (7)Ͱఆٛ͢Δɽ
Π¯0(T |(I, c), (I∗, c∗)) =
∑
v∈V (T |(I,c))
η(v|T, (I, c))Π((I, c),v|(I∗, c∗))ɽ (7)
ϞϥϧϋβʔυΛىͨ͜͠৔߹ͷརಘΛ࣍Ͱఆٛ͢Δɽ
ఆٛ 3.7. ىۀՈ͕ࣄલૹۚ T Λಘͨͱ͖ɼ࣋ͪಀ͛ͯ͠ಘΔརಘΛ͋Δ α ∈ [0, 1]Λ༻
͍ͯ αT ͱఆٛ͢Δɽ͜͜Ͱɼα͸ࣄલૹۚ T ͔Βൺ α෼͚ͩ࣋ͬͯಀ͛Δࣄ͕ग़དྷΔ
ׂ߹Λද͠ɼ͜ͷ αͷ஋͸ىۀՈͷΈ͕஌ΓಘΔͱ͢ΔɽࠓޙɼϞϥϧϋβʔυΛߟྀ͠
ͨΫϥ΢υϑΝϯσΟϯάΛ (K,N , (I∗, c∗),v∗,α,CFM)ͱද͢ɽ
step 4Ͱࣄલૹۚ T ΛಘͨىۀՈ͸ɼࣜ (7)Ͱද͢ظ଴རಘΛܭࢉ͠ɼϞϥϧϋβʔυ
Λىͨ͜͠৔߹ͷརಘͱൺֱ͢ΔࣄͰɼࣄۀΛߦ͏͔ϞϥϧϋβʔυΛى͔͜͢Λܾఆ͢
Δɽࣄલૹۚʹؔͯ͠ɼ࣍Λఆٛ͢Δɽ
ఆٛ 3.8. ىۀՈ͕ίετ (I, c) ∈ KΛਃࠂͨ͠ͱ͖ʹͱΓ͏Δࣄલૹۚͷू߹Λ
τ(I, c) =
{
T =
∑
i∈N
P˜M
a
i ((I, c),v)
∣∣∣∣∣v ∈ V , R˜M0((I, c),v) = 1
}
ͱఆٛ͢Δɽ
Ҏ্Λ༻͍ͯɼىۀՈͷϞϥϧϋβʔυΛߟྀͨ͠ىۀՈͷظ଴རಘؔ਺ΛҎԼͰఆٛ
͢Δɽ
ఆٛ 3.9. ਅͷධՁ͕ (I∗, c∗)Ͱ͋ΔىۀՈ͕ (I, c)Λਃࠂͨ͠ͱ͖ͷىۀՈͷظ଴རಘ
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Π¯Λࣜ (8)Ͱఆٛ͢Δɽ
Π¯((I, c)|(I∗, c∗)) =
∑
T∈τ(I,c)
P (T |(I, c))max{Π¯0(T |(I, c), (I∗, c∗)),αT}
+
∑
v∈{ v | R˜M0((I,c),v)=0 }
π(v)Π((I, c),v|(I∗, c∗))ɽ (8)
͜͜ͰɼىۀՈ͸શͯͷ v ∈ V ʹ͍ͭͯɼπ(v)Λ஌͍ͬͯΔ΋ͷ͢Δ. ىۀՈ͕߹ཧ
తͰ͋ΔͳΒ͹ɼ͜ͷ Π¯((I, c)|(I∗, c∗))Λ࠷େʹ͢Δίετ (I, c)͕ϓϥοτϑΥʔϜఏ
ڙऀʹਃࠂ͞ΕΔɽ࣍ʹސ٬ͷརಘʹ͍ͭͯఆٛ͢Δɽ
ఆٛ 3.10. ਅͷධՁ͕ v∗i Ͱ͋Δސ٬ i ∈ N ͕ධՁ vi ∈ {0, 1} Λਃࠂ͠ɼىۀՈ͕
(I, c) ∈ KɼiΛআ͘ސ٬͕ධՁϕΫτϧ v−i Λਃࠂͨ͠ࡍͷސ٬ iͷརಘΛࣜ (9)Ͱఆٛ
͢Δɽ
Ui((I, c), (vi,v−i)|v∗i ) = v∗i R˜Mi((I, c), (vi,v−i))
− (P˜Mai ((I, c), (vi,v−i)) + P˜M
p
i ((I, c), (vi,v−i)))ɽ (9)
ސ٬ i ∈ N ͕ىۀՈͷਃࠂͨ͠ίετͱଞͷސ٬ͷධՁ͕Θ͔Βͳ͍ͨΊɼࣜ (9)Λܭ
ࢉ͢Δ͜ͱ͕Ͱ͖ͳ͍ɽͦ͜Ͱɼސ٬ͷظ଴རಘؔ਺Λߟ͑Δɽސ٬ i ∈ N ͸ىۀՈͷ
ਃࠂͨ͠ (I, c) ∈ K ͕Θ͔Βͳ͍ͷͰɼίετ (I, c) ∈ K ͕ਃࠂ͞ΕΔ֬཰ ρ(I, c)Ͱද
͠ɼߋʹɼv−i ∈ {0, 1}n−1 ʹ͍ͭͯɼπ′(v−i)Ͱސ٬ i ∈ N Λআ͍ͨސ٬͕ධՁϕΫτ
ϧ v−i Λਃࠂ͢Δ֬཰Λද͢ɽҎ্Λ༻͍ͯɼސ٬ iͷظ଴རಘؔ਺ΛҎԼͷΑ͏ʹఆٛ
͢Δɽ
ఆٛ 3.11. ਅͷධՁ͕ v∗i Ͱ͋Δސ٬ i ∈ N ͕ vi Λਃࠂͨ͠ͱ͖ͷظ଴རಘ U¯i Λࣜ
(10)Ͱఆٛ͢Δɽ
U¯i(vi|v∗i ) =
∑
(I,c)∈K
ρ(I, c)
∑
v−i∈V−i
π′(v−i)Ui((I, c), (vi,v−i)|v∗i )ɽ (10)
શͯͷސ٬ i ∈ N ͕߹ཧతͰ͋ΔͳΒ͹ɼstep 2ʹ͓͍ͯɼU¯i(vi|v∗i )Λ࠷େԽ͢ΔΑ
͏ͳධՁ vi ͕ϓϥοτϑΥʔϜఏڙऀʹਃࠂ͞ΕΔɽ
3.1.2 ϝΧχζϜͷੑ࣭
ຊઅͰ͸ CFMʹ͍ͭͯ๬·ΕΔੑ࣭Λఆٛ͢Δɽ
ఆٛ 3.12. CFM͕ࣜ (11)Λຬͨ͢ͱ͖ɼCFM͸ C–truthful Ͱ͋Δͱ͍͏ɽ
∀i ∈ N , ∀vi ∈ {0, 1}, U¯i(vi|v∗i ) ≤ U¯i(v∗i |v∗i )ɽ (11)
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ࣜ (11)͸ɼC–truthful ͳ CFMʹ͓͍ͯɼސ٬ iͷਅͷίετ v∗i Λਃࠂ͢Δ͜ͱ͕ɼ
ސ٬ iͷظ଴རಘΛ࠷େԽ͢ΔઓུͰ͋Δ͜ͱΛҙຯ͢Δɽ
ఆٛ 3.13. CFM͕ࣜ (12)Λຬͨ͢ͱ͖ɼ CFM͸ E–truthful Ͱ͋Δͱ͍͏ɽ
∀(I, c) ∈ K, Π¯((I, c)|(I∗, c∗)) ≤ Π¯((I∗, c∗)|(I∗, c∗))ɽ (12)
ࣜ (12)͸ɼE–truthful ͳ CFMʹ͓͍ͯɼىۀՈͷਅͷίετ (I∗, c∗)Λਃࠂ͢Δ͜
ͱ͕ɼىۀՈͷظ଴རಘΛ࠷େԽ͢ΔઓུͰ͋Δ͜ͱΛҙຯ͢Δɽ
ఆٛ 3.14. CFM͕ࣜ (13)Λຬͨ͢ͱ͖ɼ CFM͸ obedient Ͱ͋Δͱ͍͏ɽ
∀T ∈ τ(I∗, c∗), Π¯0(T |(I∗, c∗), (I∗, c∗)) ≥ αT ɹ (13)
ࣜ (13)͸ɼobedient ͳ CFMʹ͓͍ͯɼىۀՈ͕ਖ਼௚ਃࠂΛߦͬͨ৔߹ɼϞϥϧϋβʔ
υΛىͨ͜͠ࡍͷརಘ͕ࣄۀΛߦͬͨ࣌ͷظ଴རಘҎԼͰ͋Δ͜ͱΛද͢ɽ
ఆٛ 3.15. CFM͕ C–truthful Ͱ͋ΓɼE–truthful Ͱ͋Γɼobedient Ͱ͋Δͱ͖ɼCFM
͸༠Ҽཱ྆ੑΛຬͨ͢ͱ͍͏ɽ
CFM͕༠Ҽཱ྆ੑΛຬͨ͢ͱ͖ɼ߹ཧతͳىۀՈ͸ϞϥϧϋβʔυΛى͜͞ͳ͍ɽ·
ͨɼϓϨΠϠʔ͕Ϋϥ΢υϑΝϯσΟϯάʹࢀՃͨ͠ࡍʹෛͷརಘΛಘΔࣄ͸๬·͘͠ͳ
͍ɽ͜ΕΛ๷͙ͨΊʹɼݸਓ߹ཧੑΛఆٛ͢Δɽ
ఆٛ 3.16. CFM͕ɼ
∀i ∈ N , U¯i(v∗i |v∗i ) ≥ 0
Λຬͨ͢ͱ͖ɼCFM͸ݸਓ߹ཧੑΛຬͨ͢ͱ͍͏ɽ
͜Ε͸ىۀՈʹ͍ͭͯ΋ಉ༷ͷఆ͕ٛՄೳͰ͋Δ͕ɼຊϞσϧͰ͸ఆٛ 3.2ΑΓɼىۀ
Ոͷརಘ͸ৗʹඇෛͰ͋Δ͜ͱ͕Θ͔ΔͨΊɼվΊͯఆٛ͸͠ͳ͍ɽ
ఆٛ 3.17. CFM͕ɼ ݸਓ߹ཧੑɼ༠Ҿཱ྆ੑɼ࣮ߦՄೳੑΛຬͨ͢ͱ͖ɼ࣮૷Մೳͳ
CFMͰ͋Δͱ͍͏ɽ
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Ҏ্ͷఆٛΛ༻͍ͯɼRolandͷఏҊͨ͠ CFM͸࣍ͷ໰୊Λղ͘͜ͱͰಘΒΕΔɽ
find R˜M, P˜M
s.t.
∑
i∈N P˜M
a
i ((I, c),v) ≥ I∗R˜M0((I, c),v), ∀(I, c) ∈ K, ∀v ∈ V∑
i∈N (P˜M
a
i ((I, c),v) + P˜M
p
i ((I, c),v)) ≥
I∗R˜M0((I, c),v) + c∗
∑
i∈N R˜Mi((I, c),v), ∀(I, c) ∈ K, ∀v ∈ V
nR˜M0((I, c),v) ≥
∑
i∈N R˜Mi((I, c),v)∀(I, c) ∈ K, ∀v ∈ V
U¯i(vi|v∗i ) ≤ U¯i(v∗i |v∗i ), ∀i ∈ N , ∀vi ∈ {0, 1},
Π¯((I, c)|(I∗, c∗)) ≤ Π¯((I∗, c∗)|(I∗, c∗)), ∀(I, c) ∈ K,
Π¯0(T |(I∗, c∗), (I∗, c∗)) ≥ αT, ∀T ∈ τ(I∗, c∗),
U¯i(v∗i |v∗i ) ≥ 0, ∀i ∈ N ,
R˜M : K × V → {0, 1}n+1,
P˜M : K × V → Rn+ × Rn+.
Roland͸͜ͷ໰୊Λղ͘͜ͱ͕೉͍ͨ͠ΊɼҰ෦੍໿Λ؇࿨ͨ͠໰୊Λղ͘ࣄΛߟҊ͠
ͨɽৄ͘͠͸ɼ࿦จ [11] Λࢀর͞Ε͍ͨɽ·ͨɼ࣮૷ՄೳͳϝΧχζϜͷଘࡏʹ͍ͭͯ
Roland͸ҎԼͷఆཧΛࣔͨ͠ɽ
ఆཧ 3.1. ͋ΔΫϥ΢υϑΝϯσΟϯά (K,N , (I∗, c∗),v∗,α,CFM = (R˜M∗, P˜M))ʹ͓
͍ͯɼύϨʔτ࠷ద͔࣮ͭ૷Մೳͳ CFM͸ଘࡏ͠ͳ͍ɽ
ূ໌ʹ͍ͭͯ͸ɼ࿦จ [11]Λࢀর͞Ε͍ͨɽ
3.2 ϓϦϯγύϧɾΤʔδΣϯτϞσϧ
ຊݚڀͰ༻͍Δઢܗܭը๏ʹΑΔղੳΞϓϩʔνΛϓϦϯγύϧɾΤʔδΣϯτϞσϧ
ʹରͯ͠ߦͬͨઌߦݚڀ [10]Λ঺հ͢Δɽ৘ใΛอ༗ͯ͠ΔϓϨΠϠʔͱɼͦ͏Ͱͳ͍ϓ
ϨΠϠʔؒͷަবΛߟ͑Δɽͨͩ͠ɼͲͪΒͷϓϨΠϠʔͷརಘ΋৘ใʹґଘ͍ͯ͠Δͱ
͢ΔɽҰํͷϓϨΠϠʔͷΈ͕ަবΛߦ͏ͱԾఆ͠ɼަবΛߦ͏ϓϨΠϠʔΛϓϦϯγύ
ϧɼަবΛड͚ΔϓϨΠϠʔΛΤʔδΣϯτͱݺͿɽϓϦϯγύϧͷަব͸ɼγϡλοέ
ϧϕϧΫήʔϜͷҰछ [2]Ͱ͋Γɼ͜ͷަবΛද͢ϞσϧΛϓϦϯγύϧɾΤʔδΣϯτ
Ϟσϧͱ͍͏ɽ
ϓϦϯγύϧͷ਺͸ 1ਓͰ͋ΓɼΤʔδΣϯτͷ਺͸ nਓͱ͠ɼΤʔδΣϯτͷू߹Λ
[n]ͱ͢Δɽͨͩ͠ɼn ≥ 1ͱ͠ɼ֤ϓϨΠϠʔͷ໨త͸ࣗ਎ͷརಘͷ࠷େԽͱ͢ΔɽΤʔ
δΣϯτ i ∈ [n]ͷλΠϓͷू߹ΛQiͱ͠ɼΤʔδΣϯτ iͷͱΓಘΔઓུͷू߹ΛDiͱ
͢ΔɽϓϦϯγύϧ͕औΓಘΔબ୒ࢶͷू߹Λ D0 Ͱද͠ɼD =
∏n
i=0Di, Q =
∏n
i=1Qi
ͱఆٛ͢Δɽͨͩ͠ɼD0 ͱ೚ҙͷ i ∈ [n]ʹ͍ͭͯɼ֤Di, Qi ͸༗ݶू߹Ͱ͋Δͱ͢Δɽ
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શͯͷϓϨΠϠʔͷܾఆΛϕΫτϧ d = (d0, d1, . . . , dn)T ∈ D Ͱද͠ɼશΤʔδΣϯτ
ͷλΠϓΛϕΫτϧ q = (q1, . . . , qn)T ∈ QͰද͢ɽ
ϓϦϯγύϧͱΤʔδΣϯτͷརಘΛҎԼͷΑ͏ʹఆٛ͢Δɽ
ఆٛ 3.18. ϓϦϯγύϧͷظ଴རಘؔ਺Λؔ਺ U0 : D ×Q→ Rͱఆٛ͠ɼΤʔδΣϯ
τ i ∈ [n]ͷظ଴རಘؔ਺Λؔ਺ Ui : D ×Q→ Rͱఆٛ͢Δɽ
ϓϨΠϠʔͷܾఆ͕ d ∈ DɼΤʔδΣϯτͷλΠϓ͕ q ∈ QͰ͋ͬͨͱ͖ͷϓϦϯγ
ύϧͷظ଴རಘΛ U0(d, q)Ͱද͠ɼΤʔδΣϯτ i ∈ [n]ͷظ଴རಘΛ Ui(d, q)Ͱද͢ɽ
͜͜ͰɼPr Λ Q্ͷ֬཰ີ౓ؔ਺ͱ͠ɼΤʔδΣϯτͷλΠϓ͕ q ∈ QͰ͋Δ֬཰Λ
Pr(q)ͱදه͢Δɽ
3.2.1 ϝΧχζϜσβΠϯ
ϓϦϯγύϧɾΤʔδΣϯτϝΧχζϜͱ͸ɼؔ਺ PAM : D ×Q→ Rͷ͜ͱΛࢦ͢ɽ
ΤʔδΣϯτͷλΠϓ͕ q ∈ QͰ͋Δͱ͖ɼܾఆ d͕ߦΘΕΔ֬཰Λ PAM(d|q)Ͱද
ه͢ΔɽҎ্Λ΋ͱʹMyerson͸࣍ͷ༷ͳϝΧχζϜΛఏҊ͍ͯ͠Δɽ
ఆٛ 3.19. ϓϦϯγύϧɾΤʔδΣϯτϝΧχζϜ PAM͕ҎԼͷෆ౳ࣜܥΛຬͨ͢ͱ
͖ɼ༠Ҽཱ྆ੑΛຬͨ͢ͱ͍͏ɽ
PAM(d|q) ≥ 0, ∀d ∈ D, ∀q ∈ Q, (14)∑
d∈D
PAM(d|q) = 1, ∀q ∈ Q, (15)∑
τ∈T,ti=τi
∑
d∈D
Pr(q)PAM(d|q)Ui(d, q)
≥
∑
t∈T,ti=τi
∑
d∈D
Pr(q)PAM(d|(q−i, τ¯i))Ui((d−i, δ¯i(di), q)),
∀i ∈ {1, . . . , n} , ∀τi ∈ Qi, ∀τ¯i ∈ Qi, ∀δ¯i : Di → Di
ɽ (16)
ࣜ (16)͸શͯͷΤʔδΣϯτʹͱͬͯਖ਼௚ʹࣗ෼ͷλΠϓΛਃࠂ͢Δࣄ͕࠷ྑͳઓུ
Ͱ͋ΔࣄΛද͍ͯ͠Δɽࣜ (14)ͱࣜ (15)͸ؔ਺ PAM͕֤ q ∈ Qʹ͍ͭͯͷ D ্ͷ֬
཰ີ౓ؔ਺Ͱ͋ΔࣄΛઆ໌͢Δ΋ͷͰ͋Δɽৄࡉͳղઆ͸࿦จ [10]Λࢀর͞Ε͍ͨɽ
͜ΕΒΛ΋ͱʹɼMyerson ͸ϓϦϯγύϧͷظ଴རಘؔ਺ΛҎԼͷΑ͏ʹఆٛͯ͠
͍Δɽ
ఆٛ 3.20. ϓϦϯγύϧɾΤʔδΣϯτϝΧχζϜ PAMʹΑΔϓϦϯγύϧͷظ଴ར
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ಘ͸ɼ ∑
q∈Q
∑
d∈D
Pr(q)PAM(d|q)U0(d, q)
Ͱܭࢉ͞ΕΔɽ
͜ΕΒΛఆٛͯ͠ɼMyerson[10]͸ఆཧ 3.2Λ͍ࣔͯ͠Δɽ
ఆཧ 3.2. D,Q͕༗ݶू߹Ͱ͋Δͱ͖ɼ༠Ҿཱ྆ੑΛຬͨ͠ɼϓϦϯγύϧͷརಘΛ࠷
େԽ͢ΔϓϦϯγύϧɾΤʔδΣϯτϝΧχζϜ͸ҎԼͷઢܗܭը໰୊ ⟨PAP ⟩Λղ͘ࣄ
ͰಘΔࣄ͕ग़དྷΔɽ
⟨PAP ⟩
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
max
∑
q∈Q
∑
d∈D
Pr(q)PAM(d|q)U0(d, q)
s.t. PAM(d|q) ≥ 0, ∀d ∈ D, ∀q ∈ Q,∑
d∈D
PAM(d|q) = 1, ∀q ∈ Q,∑
τ∈Q,qi=τi
∑
d∈D
Pr(q)PAM(d|q)Ui(d, q)
≥
∑
t∈Q,qi=τi
∑
d∈D
Pr(q)PAM(d|(q−i, τ¯i))Ui((d−i, δ¯i(di), q)),
∀i ∈ {1, . . . , n} , ∀τi ∈ Ti, ∀τ¯i ∈ Ti, ∀δ¯i : Di → Diɽ
͜͜Ͱɼܾఆม਺͸ PAMͰ͋Δɽ
ূ໌ʹ͍ͭͯ͸ɼ࿦จ [10]Λࢀর͞Ε͍ͨɽ
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4 ϞϥϧϋβʔυΛߟྀ͠ͳ͍Ϋϥ΢υϑΝϯσΟϯάϝΧ
χζϜʹର͢ΔఏҊख๏
ຊষͰ͸ɼCFM ͷग़ྗΛઢܗγεςϜͰදݱ͢ΔͨΊͷಋೖΛߦ͏ɽRoland ͷϞσ
ϧʹ͓͚Δརಘؔ਺Λઢܗؔ਺ͱͯ͠ఆࣜԽ͢ΔͨΊʹॾఆٛΛߦ͏ɽͨͩ͠ɼ؆୯ͷͨ
ΊɼىۀՈ͕ίετ (I, c) ∈ KΛਃࠂ͢Δ֬཰Λ ρ(I, c) = 1|K| ,ސ٬͕ධՁ v Λਃࠂ͢Δ
֬཰Λ π(v) = 12n ͱ͢Δɽߋʹɼ೚ҙͷސ٬ i ∈ N Λআ͍ͨධՁϕΫτϧ v−i ͕એݴ͞
ΕΔ֬཰Λ π′(v−i) = 12n−1 ͱ͢Δɽ
ఆٛ 4.1. CFM΁ͷೖྗͷू߹Λ S = K × V ͱ͢Δɽ·ͨɼސ٬ i͕ධՁ vi Λਃࠂ͠
͍ͯΔ CFMͷೖྗͷू߹Λ S(i, vi)ͱఆٛ͠ɼىۀՈ͕ίετ (I, c) ∈ KΛਃࠂ͍ͯ͠
Δ CFMͷೖྗͷू߹Λ S(I, c)ͱఆٛ͢Δɽ
࣍ʹɼඞཁͳߦྻΛఆٛ͢Δɽ
ఆٛ 4.2. ೖྗ β ∈ S ʹର͢Δ CFMͷग़ྗΛ (xβ , taβ , tpβ) ∈ {0, 1}n+1 ×Rn+ ×Rn+ ͱఆ
ٛ͢Δɽ͜͜Ͱɼxβ = (x0β , . . . , xnβ)
T ,taβ =
(
ta1β , . . . , t
a
nβ
)T
ɼtpβ =
(
tp1β , . . . , t
p
nβ
)T
ͱ
͠ɼtaiβ ͸ސ٬ i ∈ N ͷࣄલࢧ෷͍ͷֹۚΛද͠ɼtpiβ ͸ސ٬ i ∈ N ͷࣄޙࢧ෷͍ͷֹۚ
Λද͢ɽ
͜͜Ͱɼఆٛ͢Δ xβ , taβ , t
p
β Λ༻͍ͯɼ࣍ͷΑ͏ͳߦྻΛఆٛ͢Δɽ
ఆٛ 4.3. ߦྻ X ∈ {0, 1}(n+1)×|S| Λɼxβ ΛྻϕΫτϧͱ͢Δߦྻ
X =
(
x1, . . . ,x|S|
)
ͱఆٛ͠ɼߦྻ TA ∈ Rn×|S| Λ taβ ΛྻϕΫτϧͱ͢Δߦྻ
TA =
(
ta1 , . . . , t
a
|S|
)
ͱఆٛ͠ɼߦྻ TP ∈ Rn×|S| Λ tpβ ΛྻϕΫτϧͱ͢Δߦྻ
TP =
(
tp1, . . . , t
p
|S|
)
ͱఆٛ͢Δɽ
ߦྻ X,TA, TP ͸શͯͷೖྗʹର͢Δ CFMͷग़ྗΛྻϕΫτϧͱͯ͠ฒ΂ͨ΋ͷͰ
͋Δɽ
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࣍ʹΫϥ΢υϑΝϯσΟϯάΛࠞ߹੔਺ܭը໰୊ͱͯ͠දݱ͍ͯ͘͠ɽͨͩ͠ɼϞϥϧ
ϋβʔυΛߟྀͨ͠৔߹ͱߟྀ͠ͳ͍৔߹Ͱ෼͚ͯٞ࿦Λߦ͏ɽ͜Ε͸ɼىۀՈ͕ࣄલૹ
ۚΛಘͨޙʹҙࢥܾఆΛߦ͏ͨΊɼϞϥϧϋβʔυΛߟྀ͢Δ৔߹͸ىۀՈ͕ೋճͷҙࢥ
ܾఆΛߦ͏ల։ܕήʔϜͰදݱ͞ΕɼϞϥϧϋβʔυΛߟྀ͠ͳ͍৔߹͸Ұճͷઓུܕ
ήʔϜͰදݱ͞ΕΔͨΊͰ͋Δɽ
4.1 ఏҊϞσϧ
·ͣ͸͡ΊʹɼϞϥϧϋβʔυΛߟྀ͠ͳ͍৔߹ͷ CFMͷग़ྗΛઢܗγεςϜͰදݱ
͢ΔɽͦͷͨΊʹɼఆٛͨ͠ X,TA, TP Λ༻͍ͯɼϓϨΠϠʔͷརಘΛදݱ͢Δɽ·ͣɼ
ىۀՈͷརಘΛ X,TA, TP Λ༻͍ͯදݱ͢Δɽ
ఆཧ 4.1. ىۀՈͷਅͷίετ (I∗, c∗)ʹର͠ɼίετ (I, c) ∈ K Λਃࠂ͠,ސ٬͕ v Λ
ਃࠂͨ͠ͱ͖ɼࣄۀΛߦͬͨىۀՈͷརಘ͸ࣜ (17)ͱಉ஋Ͱ͋Δɽ
Π((I, c),v|(I∗, c∗)) =
∑
i∈N
(
taiβ + t
p
iβ
)
− I∗x0β − c∗
∑
i∈N
xiβɽ (17)
ͨͩ͠ɼβ = ((I, c),v)ͱ͢Δɽ
ূ໌. xβ , taβ , t
p
β ͷఆٛΑΓೖྗ ((I, c),v)ʹର͢Δ CFMͷग़ྗͱX,T
A, TP ͷؔ܎͸ɼ
∀i ∈ {0} ∪N , R˜Mi((I, c),v) = xiβ ,
∀i ∈ N , P˜Mai ((I, c),v) = taiβ ,
∀i ∈ N , P˜Mpi ((I, c),v) = tpiβ
Ͱ͋ΔɽىۀՈͷརಘ͸ఆٛΑΓɼ
Π((I, c),v|(I∗, c∗)) =
∑
i∈N
(P˜M
a
i ((I, c),v) + P˜M
p
i ((I, c),v))
−
(
I∗R˜M0((I, c),v) + c∗
∑
i∈N
R˜Mi((I, c),v)
)
Ͱ͋ΔͷͰɼ
Π((I, c),v|(I∗, c∗)) =
∑
i∈N
(P˜M
a
i ((I, c),v) + P˜M
p
i ((I, c),v))
−
(
I∗R˜M0((I, c),v) + c∗
∑
i∈N
R˜Mi((I, c),v)
)
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=
∑
i∈N
(taiβ + t
p
iβ)− I∗x0β − c∗
∑
i∈N
xiβ
Ͱ͋Δɽ
ࠓޙɼߦྻX,TA, TP ʹ͓͍ͯɼೖྗ β ∈ SʹΑΔىۀՈͷརಘΛΠX,TA,TP (β|(I∗, c∗)) =∑
i∈N
(
taiβ + t
p
iβ
)
− I∗x0β − c∗
∑
i∈N
xiβ ͱ͢Δɽ࣍ʹɼىۀՈͷਅͷίετ (I∗, c∗)ʹର
͠ɼίετ (I, c)Λਃࠂͨ͠ͱ͖ɼࣄۀΛߦͬͨىۀՈͷظ଴རಘΛఆٛ͢Δ͕ɼࣄલૹ
ۚ T ʹରͯ͠ɼV (T |(I, c))͕ޓ͍ʹૉͰ͋Δࣄ͕ඞཁʹͳΔɽͦͷͨΊͷূ໌Λߦ͏ɽ
ิ୊ 4.1. ىۀՈ͕ίετ (I, c) ∈ KΛਃࠂͨ͠ͱ͖ɼҎԼͷؔ܎͕੒Γཱͭɽ
∀v ∈ V , T1, T2 ∈ τ(I, c),
v ∈ V (T1|(I, c)) ∧ v ∈ V (T2|(I, c)) =⇒ T1 = T2ɽ
ূ໌. ೚ҙͷίετ (I, c) ∈ Kͱ೚ҙͷධՁϕΫτϧ v ∈ V ʹ͍ͭͯɼ
∃T1, T2 ∈ τ(I, c), T1 ̸= T2,͔ͭ v ∈ V (T1|(I, c)) ∧ v ∈ V (T2|(I, c))
ͱԾఆ͢Δɽ
V (T1|(I, c)) =
{
v ∈ V
∣∣∣∣∣∑
i∈N
ɹP˜M
a
i ((I, c),v) = T1 ∧ R˜M0((I, c),v) = 1
}
Ͱ͋ΔͷͰɼೖྗ ((I, c),v) ʹର͢ΔɼCFM ͷग़ྗ͢ΔࣄલૹۚϕΫτϧͷ࿨͸∑
i∈N
P˜M
a
i ((I, c),v) = T1 Ͱ͋Δɽಉ༷ʹɼ V (T2|(I, c)) ͷఆٛΑΓɼೖྗ ((I, c),v)
ʹର͢Δ CFMͷग़ྗ͢ΔࣄલૹۚϕΫτϧͷ࿨͸
∑
i∈N
P˜M
a
i ((I, c),v) = T2 Ͱ͋Δɽ͜
Ε͸ T1 ̸= T2 ʹໃ६͢Δɽ
ิ୊ 4.2. ىۀՈ͕ίετ (I, c) ∈ KΛਃࠂͨ͠ͱ͖ɼҎԼͷؔ܎͕੒Γཱͭɽ{
v ∈ V
∣∣∣˜RM0((I, c),v) = 1 } = ⋃
T∈τ(I,c)
V (T |(I, c))ɽ
ূ໌. R˜M0((I, c),v) = 1Ͱ͋ΔΑ͏ͳධՁϕΫτϧ vʹ͍ͭͯɼิ ୊ 4.1ΑΓɼධՁϕΫ
τϧ v ͸ͨͩҰͭͷࣄલૹۚ
∑
i∈N
P˜M
a
i ((I, c),v) = T ∈ τ(I, c)Λ༩͑ΔɽV (T |(I, c)) =
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{
v ∈ V
∣∣∣∑i∈N P˜Mai ((I, c),v) = T ∧ R˜M0((I, c),v) = 1 }Ͱ͋ΔͨΊɼ{
v ∈ V
∣∣∣˜RM0((I, c),v) = 1 } = ⋃
T∈τ(I,c)
V (T |(I, c))
Ͱ͋Δɽ
Ҏ্ͷิ୊Λ༻͍ͯɼࣄۀΛߦͬͨىۀՈͷظ଴རಘΛߦྻ X,TA, TP Λ༻͍ͯද͢ɽ
ఆཧ 4.2. ىۀՈͷਅͷίετ (I∗, c∗)ʹର͠ɼίετ (I, c)Λਃࠂͨ͠ͱ͖ɼࣄۀΛߦͬ
ͨىۀՈͷظ଴རಘ͸ࣜ (18)ͱಉ஋Ͱ͋Δɽ
1
2n
∑
β∈S(I,c)
{∑
i∈N
(taiβ + t
p
iβ)− I∗x0β − c∗
∑
i∈N
xiβ
}
ɽ (18)
ূ໌. ͸͡ΊʹɼىۀՈͷਅͷίετ͕ (I∗, c∗) Ͱ͋Γɼίετ (I, c) Λਃࠂͨ͠ͱ͖ɼ
ࣄۀΛߦͬͨىۀՈͷظ଴རಘΛٻΊΔɽىۀՈͷਅͷίετ͕ (I∗, c∗)Ͱ͋Γɼίετ
(I, c)Λਃࠂͨ͠ͱ͖ͷىۀՈͷظ଴རಘ͸ɼ
Π¯((I, c)|(I∗, c∗)) =
∑
T∈τ(I,c)
P (T |(I, c))Π¯0(T |(I, c), (I∗, c∗))
+
∑
v∈V|R˜M0((I,c),v)=0
π(v)Π((I, c),v|(I, c)) (19)
Ͱ͋Δɽ·ͨɼىۀՈͷਅͷίετ͕ (I∗, c∗)ʹର͠ɼίετ (I, c)Λਃࠂͨ͠ͱ͖ɼࣄ
લૹۚ T Λಘͨͱ͖ͷىۀՈͷظ଴རಘ͸ɼ
Π¯0(T |(I, c), (I∗, c∗)) =
∑
v∈V (T |(I,c))
η(v|T, (I, c))Π((I, c),v|(I∗, c∗))
Ͱ͋Γɼη ͷఆٛΑΓ
η(v|T, (I, c)) =
{
π(v)
P (T |(I,c)) if v ∈ V (T |(I, c))
0 otherwise
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Ͱ͋Δ͜ͱʹ஫ҙ͠ɼπ(v) = 12n Λ୅ೖ͠ܭࢉ͢Δͱɼ∑
T∈τ(I,c)
P (T |(I, c))Π¯0(T |(I, c), (I∗, c∗))
=
∑
T∈τ(I,c)
P (T |(I, c))
∑
v∈V (T |(I,c))
π(v)
P (T |(I, c))Π((I, c),v|(I
∗, c∗))
=
∑
T∈τ(I,c)
∑
v∈V (T |(I,c))
π(v)Π((I, c),v|(I∗, c∗))
=
1
2n
∑
T∈τ(I,c)
∑
v∈V (T |(I,c))
Π((I, c),v|(I∗, c∗))
ͱͳΔɽิ୊ 4.2ΑΓɼ
1
2n
∑
T∈τ(I,c)
∑
v∈V (T |(I,c))
Π((I, c),v|(I∗, c∗))
=
1
2n
∑
v∈V|R˜M0((I,c),v)=1
Π((I, c),v|(I∗, c∗)) (20)
ͱͳΔɽࣜ (20)Λࣜ (19)ʹ୅ೖ͠ܭࢉ͢Δͱɼ
Π¯((I, c)|(I∗, c∗)) =
∑
T∈τ(I,c)
P (T |(I, c))Π¯0(T |(I, c), (I∗, c∗))
+
∑
v∈V|R˜M0((I,c),v)=0
π(v)Π((I, c),v|(I, c))
=
1
2n
∑
v∈V|R˜M0((I,c),v)=1
Π((I, c),v|(I∗, c∗))
+
1
2n
∑
v∈V|R˜M0((I,c),v)=0
Π((I, c),v|(I∗, c∗))
=
1
2n
∑
v∈V
Π((I, c),v|(I∗, c∗))
ͱͳΓɼఆཧ 4.1ͱɼىۀՈ͕ίετ (I, c)Λએݴ͍ͯ͠Δೖྗͷू߹͸ S(I, c)Ͱ͋Δ
͜ͱʹ஫ҙ͢Δͱɼ
Π¯((I, c)|(I∗, c∗)) = 1
2n
∑
v∈V
Π((I, c),v|(I∗, c∗))
=
1
2n
∑
β∈S(I,c)
{∑
i∈N
(taiβ + t
p
iβ)− I∗x0β − c∗
∑
i∈N
xiβ
}
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Ͱ͋Δɽ
ࠓޙɼߦྻX,TA, TP ʹ͓͚Δɼίετ (I, c)Λએݴ͠ɼࣄۀΛ࣮ߦ͢ΔىۀՈͷظ଴
རಘΛ
Π˜X,T
A,TP ((I, c)|(I∗, c∗)) = 1
2n
∑
β∈S(I,c)
ΠX,T
A,TP (β|(I∗, c∗))
=
1
2n
∑
β∈S(I,c)
{∑
i∈N
(taiβ + t
p
iβ)− I∗x0β − c∗
∑
i∈N
xiβ
}
ͱ͢Δɽ
࣍ʹɼސ٬ͷརಘΛߦྻ X,TA, TP Λ༻͍ͯද͢ɽ
ఆཧ 4.3. ސ٬ i ∈ N ͷਅͷධՁ v∗i ʹରͯ͠ɼධՁ vi ∈ {0, 1}Λਃࠂ͠ɼىۀՈ͕ίε
τ (I, c)Λਃࠂͨ͠ͱ͖ͷސ٬ iͷརಘ͸ࣜ (21)ͱಉ஋Ͱ͋Δɽ
Ui((I, c), (vi,v−i)|v∗i ) = v∗i xiβ − (taiβ + tpiβ). (21)
ͨͩ͠ɼβ = ((I, c), (vi,v−i))ͱ͢Δɽ
ূ໌. ސ٬ͷརಘ͸ɼఆٛΑΓɼ
Ui((I, c), (vi,v−i)|v∗i ) = v∗i R˜Mi((I, c), (vi,v−i))
− (P˜Mai ((I, c), (vi,v−i)) + P˜M
p
i ((I, c), (vi,v−i)))
Ͱ͋Δɽxβ , taβ , t
p
β ͷఆٛΑΓೖྗ ((I, c), (vi,v−i))ʹର͢Δ CFMͷग़ྗͱ X,T
A, TP
ͷؔ܎͸ɼೖྗ β = ((I, c), (vi,v−i))Λ༻͍ͯɼ
∀i ∈ {0} ∪N , R˜Mi((I, c), (vi,v−i)) = xiβ ,
∀i ∈ N , P˜Mai ((I, c), (vi,v−i)) = taiβ ,
∀i ∈ N , P˜Mpi ((I, c), (vi,v−i)) = tpiβ
Ͱ͋ΔɽΑͬͯɼ
Ui((I, c), (vi,v−i)|v∗i ) = v∗i R˜Mi((I, c), (vi,v−i))
− (P˜Mai ((I, c), (vi,v−i)) + P˜M
p
i ((I, c), (vi,v−i)))
= v∗i xiβ − (taiβ + tpiβ)
Ͱ͋Δɽ
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ࠓޙɼߦྻ X,TA, TP ʹ͓͍ͯ,ೖྗ β ∈ S ʹΑΔސ٬ i ∈ N ͷརಘΛ
UX,T
A,TP
i (β|v∗i ) = v∗i xiβ − (taiβ + tpiβ)
ͱ͢Δɽ
ఆཧ 4.4. ސ٬ i ∈ N ͷਅͷධՁ v∗i ʹର͠ɼධՁ vi Λਃࠂͨ͠ͱ͖ͷސ٬ iͷظ଴རಘ
͸ࣜ (22)ͱಉ஋Ͱ͋Δɽ
ɹɹU¯i(vi|v∗i ) =
1
2n−1|K|
∑
β∈S(i,vi)
{
v∗i xiβ − (taiβ + tpiβ)
}
ɽ (22)
ূ໌. ސ٬ͷظ଴རಘ͸ɼఆٛΑΓɼ
U¯i(vi|v∗i ) =
∑
(I,c)∈K
ρ(I, c)
⎧⎨⎩ ∑
v−i∈{0,1}n−1
π′(v−i)Ui((I, c), (vi,v−i)|v∗i )
⎫⎬⎭
Ͱ͋Δɽ͜͜Ͱɼπ′(v−i) = 12n−1ɼρ(I, c) =
1
|K|ɼ͔ͭސ٬ i͕ v
r Λਃࠂ͍ͯ͠Δೖྗͷ
ू߹͸ S(i, vi)Ͱ͋Δ͜ͱʹ஫ҙͯ͠ɼ
U¯i(vi|v∗i ) =
∑
(I,c)∈K
ρ(I, c)
⎧⎨⎩ ∑
v−i∈{0,1}n−1
π′(v−i)Ui((I, c), (vi,v−i)|v∗i )
⎫⎬⎭
=
1
|K|
∑
(I,c)∈K
⎧⎨⎩ ∑
v−i∈{0,1}n−1
π′(v−i)Ui((I, c), (vi,v−i)|v∗i )
⎫⎬⎭
=
1
2n−1|K|
∑
β∈S(i,vi)
{
v∗i xiβ − (taiβ + tpiβ)
}
Ͱ͋Δɽ
ࠓޙɼߦྻX,TA, TP ʹ͓͍ͯɼධՁ vi ∈ {0, 1}Λਃࠂͨ͠ͱ͖ͷސ٬ i ∈ N ͷظ଴
རಘΛ
U¯X,T
A,TP
i (vi|v∗i ) =
1
2n−1|K|
∑
β∈S(i,vi)
{
v∗i xiβ − (taiβ + tpiβ)
}
ͱ͢Δɽ
ઌ΄Ͳఆٛͨ͠ߦྻ X,TA, TP Λ༻͍ͯΛ CFMͷੑ࣭Λද͢ɽͨͩ͠ɼىۀՈͷϞ
ϥϧϋβʔυΛߟྀ͠ͳ͍ҝɼobedient ੑ͸ߟྀ͠ͳ͍ɽ
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ఆཧ 4.5. CFM ͕࣮ߦՄೳੑΛຬͨ͢ࣄͱɼߦྻ X,TA, TP ͕࣍ͷෆ౳ࣜܥΛຬͨ͢
͜ͱ͸ಉ஋Ͱ͋Δɽ ∑
i∈N
taiβ ≥ I∗x0β , ∀β ∈ S,∑
i∈N
(taiβ + t
p
iβ) ≥ I∗x0β + c∗
∑
i∈N
xiβ , ∀β ∈ S,
nx0β ≥
∑
i∈N
xiβ , ∀β ∈ Sɽ
ূ໌. CFM͕࣮ߦՄೳੑΛຬͨ͢ͱ͸ɼ೚ҙͷೖྗ ((I, c),v) ∈ K × V ʹରͯ͠ɼ∑
i∈N
P˜M
a
i ((I, c),v) ≥ I∗R˜M0((I, c),v),ɹ (23)∑
i∈N
(P˜M
a
i ((I, c),v) + P˜M
p
i ((I, c),v)) ≥ I∗R˜M0((I, c),v) + c∗
∑
i∈N
R˜Mi((I, c),v),
(24)
nR˜M0((I, c),v) ≥
∑
i∈N
R˜Mi((I, c),v) (25)
Λຬͨ͢ࣄͰ͋Δɽೖྗ ((I, c),v)ʹର͢Δ CFMͷग़ྗͱ X,TA, TP ͷؔ܎͸ɼ
∀i ∈ {0} ∪N , R˜Mi((I, c),v) = xiβ ,
∀i ∈ N , P˜Mai ((I, c), (v) = taiβ ,
∀i ∈ N , P˜Mpi ((I, c), (v) = tpiβ
Ͱ͋ΔͨΊɼࣜ (23)ɼࣜ (24)ɼࣜ (25)ʹ୅ೖͯ͠∑
i∈N
taiβ ≥ I∗x0β , ∀β ∈ S,∑
i∈N
(taiβ + t
p
iβ) ≥ I∗x0β + c∗
∑
i∈N
xiβ , ∀β ∈ S,
nx0β ≥
∑
i∈N
xiβ , ∀β ∈ S
Ͱ͋Δɽ
࣍ʹݸਓ߹ཧੑʹ͍ͭͯߟ͑Δɽ
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ఆཧ 4.6. CFM͕ݸਓ߹ཧੑΛຬͨ͢ࣄͱɼߦྻX,TA, TP ʹ͍ͭͯ࣍ͷࣜΛຬͨ͢ࣄ
͸ಉ஋Ͱ͋Δɽ
∀i ∈ N , U¯X,TA,TPi (v∗i |v∗i ) ≥ 0ɽ
ূ໌. CFM͕ݸਓ߹ཧੑΛຬͨ͢ͱ͸ɼ೚ҙͷސ٬ i ∈ N ͕ਖ਼௚ͳਃࠂΛͨ͠ͱ͖ͷظ
଴རಘʹ͍ͭͯɼ
U¯i(v
∗
i |v∗i ) ≥ 0
Λຬͨ͢ࣄΛࢦ͢ɽސ٬ i ∈ N ͷਖ਼௚ͳਃࠂΛͨ͠ͱ͖ͷظ଴རಘΛߦྻ X,TA, TP Ͱ
ද͢ͱɼU¯X,T
A,TP
i (v
∗
i |v∗i )Ͱ͋ΔɽΑͬͯɼ೚ҙͷސ٬ʹ͍ͭͯɼਖ਼௚ͳਃࠂΛͨ͠ͱ͖
ͷظ଴རಘ͕ඇෛͰ͋Δͱ͸ɼ
∀i ∈ N , U¯X,TA,TPi (v∗i |v∗i ) ≥ 0
Ͱ͋Δɽ
࣍ʹɼC–truthful ʹ͍ͭͯߟ͑Δɽ
ఆཧ 4.7. CFM͕ C–truthful Ͱ͋Δͱɼߦྻ X,TA, TP ʹ͍ͭͯ࣍ͷࣜΛຬͨ͢ࣄ͸
ಉ஋Ͱ͋Δɽ
∀i ∈ N , U¯X,TA,TPi (v∗i |v∗i ) ≥ U¯X,T
A,TP
i (v
∗c
i |v∗i )ɽ
ূ໌. CFM͕ C–truthful Ͱ͋Δͱ͸ɼධՁ vi Λਃࠂͨ͠ސ٬ i ∈ N ͷظ଴རಘʹ͍ͭ
ͯɼෆ౳ࣜ U¯(v∗i |v∗i ) ≥ U¯(v∗ci |v∗i ) Λຬͨ͢͜ͱΛ͍͏ɽߦྻX,TA, TP ʹ͓͍ͯɼධՁ
vi ∈ {0, 1}Λਃࠂͨ͠ͱ͖ͷސ٬ i ∈ N ͷظ଴རಘ͸ U¯X,T
A,TP
i (vi|v∗i )Ͱ͋Δɽ
࠷ޙʹɼE–truthful ʹ͍ͭͯߟ͑Δɽ
ఆཧ 4.8. ϞϥϧϋβʔυΛߟྀ͠ͳ͍৔߹ɼCFM ͕ E–truthful Ͱ͋Δࣄͱɼߦྻ
X,TA, TP ʹ͍ͭͯɼ࣍ͷࣜΛຬͨ͢ࣄ͸ಉ஋Ͱ͋Δɽ
∀(I, c) ∈ K, Π˜X,TA,TP ((I∗, c∗)|(I∗, c∗)) ≥ Π˜X,TA,TP ((I, c)|(I∗, c∗))ɽ
ূ໌. CFM ͕ E–truthful Ͱ͋Δͱ͸ɼىۀՈʹͱͬͯਖ਼௚ਃࠂ͕࠷ྑͷઓུͰ͋Δࣄ
Λ͢͞ɽϞϥϧϋβʔυΛߟྀ͠ͳ͍ͱ͖ɼߦྻX,TA, TP ʹΑΔىۀՈ͕ίετ (I, c)
Λਃࠂͨ͠ͱ͖ͷظ଴རಘ͸ɼΠ˜X,T
A,TP ((I, c)|(I∗, c∗))Ͱ͋Δɽ
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Ҏ্Λ༻͍ͯɼΫϥ΢υϑΝϯσΟϯά (K,N , (I∗, c∗),v∗,CFM)ʹ͓͚Δɼ࣮ߦՄೳ
ੑɼݸਓ߹ཧੑɼC–truthfulɼE–truthful Λຬͨ͢ CFM ͷશͯͷೖྗʹର͢Δग़ྗ͸
ࣜ (26)Ͱද͢ઢܗγεςϜΛղ͘͜ͱͰಘΒΕΔɽ
find X,TA, TP
s.t.
∑
i∈N
taiβ ≥ I∗x0β , ∀β ∈ S,∑
i∈N
(taiβ + t
p
iβ) ≥ I∗x0β + c∗
∑
i∈N
xiβ , ∀β ∈ S,
nx0β ≥
∑
i∈N
xiβ , ∀β ∈ S,
U¯X,T
A,TP
i (v
∗
i |v∗i ) ≥ 0 ≥ 0, ∀i ∈ N ,
U¯X,T
A,TP
i (v
∗
i |v∗i ) ≥ U¯X,T
A,TP
i (v
∗c
i |v∗i ), ∀i ∈ N ,
Π˜X,T
A,TP ((I∗, c∗)|(I∗, c∗)) ≥ Π˜X,TA,TP ((I, c)|(I∗, c∗)), ∀(I, c) ∈ K,
X ∈ {0, 1}(n+1)×|S| ,
TA ∈ Rn×|S|+ ,
TP ∈ Rn×|S|+ ɽ
(26)
4.2 ղੳ
Ϋϥ΢υϑΝϯσΟϯά (K,N , (I∗, c∗),v∗,CFM) ʹ͓͍࣮ͯߦՄೳੑͱݸਓ߹ཧੑ
Λຬͨ͢ CFM͕ଘࡏ͢Δ͔ʹ͍ͭͯٞ࿦͢Δɽ࣮ߦՄೳੑͱݸਓ߹ཧੑΛຬͨ͢ CFM
ͷग़ྗΛٻΊΔ໰୊ ⟨FIP ⟩ʹ͍ͭͯߟ͑Δɽ
⟨FIP ⟩
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
find X,TA, TP
s.t.
∑
i∈N
taiβ ≥ I∗x0β , ∀β ∈ S,∑
i∈N
(
taiβ + t
p
iβ
)
≥ I∗x0β + c∗
∑
i∈N
xiβ∀β ∈ S,
nx0β ≥
∑
i∈N
xiβ , ∀β ∈ S,
U¯X,T
A,TP
i (v
∗
i |v∗i ) ≥ 0, ∀i ∈ N
X ∈ {0, 1}(n+1)×|S| ,
TA ∈ Rn×|S|+ ,
TP ∈ Rn×|S|+ ɽ
(27)
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͜͜Ͱɼఆ਺Λ K,N , (I∗, c∗),v∗ ͱ͢Δɽޙͷٞ࿦ͷͨΊɼࣜ (28)ͷ࠷େԽΛ໨తͱ͢
Δࠞ߹੔਺ܭը໰୊ ⟨FIMIP ⟩Λߟ͑Δɽ∑
i∈{0}∪N
∑
β∈S
0 · xiβ +
∑
i∈N
∑
β∈S
0 · taiβ +
∑
i∈N
∑
β∈S
0 · tpiβ , (28)
⟨FIMIP ⟩
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
max
∑
i∈{0}∪N
∑
β∈S
0 · xiβ +
∑
i∈N
∑
β∈S
0 · taiβ +
∑
i∈N
∑
β∈S
0 · tpiβ ,
s.t.
∑
i∈N
taiβ ≥ I∗x0β , ∀β ∈ S,∑
i∈N
(
taiβ + t
p
iβ
)
≥ I∗x0β + c∗
∑
i∈N
xiβ , ∀β ∈ S,
nx0β ≥
∑
i∈N
xiβ , ∀β ∈ S,
U¯X,T
A,TP
i (v
∗
i |v∗i ) ≥ 0, ∀i ∈ N
X ∈ {0, 1}(n+1)×|S| ,
TA ∈ Rn×|S|+ ,
TP ∈ Rn×|S|+ ɽ
(29)
໰୊ ⟨FIMIP ⟩͸ࣗ໌ͳղ (X,TA, TP ) = (O(n+1)×|S|, On×|S|, On×|S|)Λ͕࣋ͭɼຊݚ
ڀʹ͓͚Δڵຯ͸ɼ⟨FIMIP ⟩ ͕ඇࣗ໌ͳղΛ͔࣋ͭͲ͏͔Ͱ͋Δɽ໰୊ ⟨FIMIP ⟩ Λ
؇࿨ͨ͠໰୊Λ ⟨FILP ⟩ͱ͠ɼͦͷ಺఺ڐ༰ղͷू߹Λ FILP ͱ͢Δɽ·ͨɼ⟨FILP ⟩
ͷ૒ର໰୊Λ ⟨DFILP ⟩ͱ͢Δɽ
⟨FILP ⟩
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
max
∑
i∈{0}∪N
∑
β∈S
0 · xiβ +
∑
i∈N
∑
β∈S
0 · taiβ +
∑
i∈N
∑
β∈S
0 · tpiβ
s.t.
∑
i∈N
taiβ ≥ I∗x0β , ∀β ∈ S,∑
i∈N
(
taiβ + t
p
iβ
)
≥ I∗x0β + c∗
∑
i∈N
xiβ , ∀β ∈ S,
nx0β ≥
∑
i∈N
xiβ , ∀β ∈ S,
U¯X,T
A,TP
i (v
∗
i |v∗i ) ≥ 0, ∀i ∈ N
X ∈ [0, 1](n+1)×|S|,
TA ∈ Rn×|S|+ ,
TP ∈ Rn×|S|+ ,
(30)
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⟨DFILP ⟩
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
min
∑
i∈{0}∪N
∑
β∈S
δiβ
s.t. I∗θβ + I∗ιβ − nκβ + δ0β ≥ 0, ∀β ∈ S,
c∗ιβ + κβ − v
∗
i
2n−1|K|λi + δiβ ≥ 0, ∀i ∈ N , ∀β ∈ S(i, v∗i ),
c∗ιβ + κβ + δiβ ≥ 0, ∀i ∈ N , ∀β ∈ S(i, v∗ci ),
−θβ − ιβ + 12n−1|K|λi ≥ 0, ∀i ∈ N , ∀β ∈ S(i, v∗i ),
θβ = 0, ιβ = 0, ∀i ∈ N , ∀β ∈ S(i, v∗ci ),
θβ ≥ 0, ∀β ∈ S,
ιβ ≥ 0, ∀β ∈ S,
κβ ≥ 0, ∀β ∈ S,
λi ≥ 0, ∀i ∈ N ,
δiβ ≥ 0, ∀i ∈ ∀i ∈ {0} ∪N , ∀β ∈ Sɽ
(31)
͜͜Ͱɼ |S| ࣍ݩϕΫτϧ θ, ι,κ ΛͦΕͧΕ θ = (θ1, . . . , θ|S|), ι = (ι1, . . . , ι|S|),κ =
(κ1, . . . ,κ|S|)ͱ͠ɼn࣍ݩϕΫτϧ λΛ λ = (λ1, . . . ,λn)Tɼߦྻ ∆ ∈ R(n+1)×|S|+ Λ
∆ =
⎡⎢⎣δ01 . . . δ0|S|... . . . ...
δn1 · · · δn|S|
⎤⎥⎦
ͱදه͢Δɽೋऀ୒Ұͷఆཧ 2.1 ʹରԠ͢Δ ⟨DFILP ⟩ ͷڐ༰ղͷू߹Λߟ͑Δɽ͜͜
Ͱɼδiβ ͷඇෛ੍໿ΑΓɼ೚ҙͷ i ∈ {0} ∪N ͱ೚ҙͷ β ∈ S ʹ͍ͭͯɼδiβ ≥ 0Ͱ͋Δɽ
ΑͬͯɼFILP ͱೋऀ୒Ұͷؔ܎ʹ͋Δ ⟨DFILP ⟩ͷڐ༰ղू߹͸ࣜ (32)Ͱఆٛ͞ΕΔ
ू߹Ͱ͋Δɽ
DFILP =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(θ, ι,κ,λ,∆)
∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
∑
i∈N∪{ 0 }
∑
β∈S
δiβ = 0,
I∗θβ + I∗ιβ − nκβ + δ0β ≥ 0, ∀β ∈ S,
c∗ιβ + κβ − v
∗
i
2n−1|K|λi + δiβ ≥ 0, ∀i ∈ N , ∀β ∈ S(i, v∗i ),
c∗ιβ + κβ + δiβ ≥ 0, ∀i ∈ N , ∀β ∈ S(i, v∗ci ),
−θβ − ιβ + 12n−1|K|λi ≥ 0, ∀i ∈ N , ∀β ∈ S(i, v∗i ),
θβ = 0, ιβ = 0, ∀i ∈ N , ∀β ∈ S(i, v∗ci ),
θβ ≥ 0, ∀β ∈ S,
ιβ ≥ 0, ∀β ∈ S,
κβ ≥ 0, ∀β ∈ S,
λi ≥ 0, ∀i ∈ N ,
δiβ ≥ 0, ∀i ∈ {0} ∪N , ∀β ∈ S,
(θ, ι,κ,λ,∆) ̸= (0|S|,0|S|,0|S|,0n, O(n+1)×|S|)ɽ
⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
(32)
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ิ୊ 2.1ΑΓɼ⟨FILP ⟩ͷ಺఺ڐ༰ղͷू߹ͱɼࣜ (32)Ͱఆٛ͞ΕΔू߹ DFILP ͷؒ
ʹ͸ͲͪΒҰํ͕ඞͣ੒Γཱͭɽ
• FILP ͕ۭɼ͔ͭ DFILP ͸ඇۭͰ͋Δɽ
• FILP ͕ඇۭɼ͔ͭ DFILP ͸ۭͰ͋Δɽ
શͯͷސ٬͕ࣄۀΛධՁ͍ͯ͠Δ ∀i ∈ N , v∗i = 1ͷ৔߹ʹ͍ͭͯɼ࣍ͷิ୊Λࣔ͢ɽ
ิ୊ 4.3. ∀i ∈ N , v∗i = 1ͷͱ͖ɼDFILP ͸ۭͰ͋Δɽ
ূ໌. ໨తؔ਺஋͕ 0 Ͱ͋ΔΑ͏ͳ ⟨DFILP ⟩ ͷղΛߏ੒͠ɼͦΕ͕ݪ఺ͷΈͰ͋Δࣄ
Λࣔ͢ɽೖྗ β ∈ S ΛҎԼͷࡾͭͷ͍ͣΕ͔ͷ৔߹ʹ෼͚Δɽ
৔߹ 1 ސ٬શһ͕ӕͷਃࠂΛͯ͠Δೖྗ β ∈ ⋂i∈N S(i, v∗ci )ɽ
৔߹ 2 ސ٬શһ͕ਖ਼௚ͳਃࠂΛ͍ͯ͠Δೖྗ β ∈ ⋂i∈N S(i, v∗i )ɽ
৔߹ 3 ্هҎ֎ͷೖྗ β ∈ S \ (
⋂
i∈N
S(i, v∗i ) ∪
⋂
i∈N
S((i, v∗ci )))ɽ
ͦΕͧΕͷ βʹରͯ͠༗ޮͳํఔࣜΛ·ͱΊΔɽ৔߹ 1ͷೖྗ βʹؔͯ͠ɼ(θ, ι,κ,λ,∆)
͕ DFILP ͷཁૉͰ͋ΔͨΊʹ͸ɼ(θβ , ιβ ,κβ ,λ,0n+1)͕ҎԼͷෆ౳ࣜܥΛຬͨ͢ඞཁ
͕͋Δɽ
I∗θβ + I∗ιβ − nκβ ≥ 0, (33)
c∗ιβ + κβ ≥ 0, ∀i ∈ N , (34)
θβ = 0, ιβ = 0, (35)
θβ ≥ 0, (36)
ιβ ≥ 0, (37)
κβ ≥ 0, (38)
λi ≥ 0, ∀i ∈ Nɽ (39)
ࣜ (35)Λࣜ (33)ʹ୅ೖ͢Δͱ
ࣜ (33) = I∗ · 0 + I∗ · 0− nκβ
= −nκβ ≥ 0
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Ͱ͋Δɽࣜ (38)ΑΓɼκβ = 0Ͱ͋ΓɼҎԼ͕ಘΒΕΔɽ
θβ = ιβ = κβ = 0,
λi ≥ 0, ∀i ∈ Nɽ (40)
৔߹ 3 ͷೖྗ β ʹؔͯ͠ɼ(θ, ι,κ,λ,∆) ͕ DFILP ͷཁૉͰ͋ΔͨΊʹ͸ɼ
(θβ , ιβ ,κβ ,λ,0n+1) ͕ҎԼͷෆ౳ࣜΛຬͨ͢ඞཁ͕͋Δɽ͜͜Ͱɼβ ʹ͓͍ͯɼӕͷਃ
ࠂΛߦ͍ͬͯΔސ٬ͷू߹Λ Jβ =
{
j ∈ N ∣∣β ∈ S(j, v∗cj ) } ͱ͠ɼN \ Jβ Ͱ β ʹ͓͍
ͯਖ਼௚ͳਃࠂΛ͍ͯ͠Δސ٬ͷू߹Λද͢ɽ
I∗θβ + I∗ιβ − nκβ ≥ 0 (41)
c∗ιβ + κβ − v
∗
i
2n−1|K|λi ≥ 0, ∀i ∈ N \ Jβ (42)
c∗ιβ + κβ ≥ 0, ∀i ∈ Jβ (43)
− θβ − ιβ + 1
2n−1|K|λi ≥ 0, ∀i ∈ N \ Jβ (44)
θβ = 0, ιβ = 0, (45)
θβ ≥ 0, (46)
ιβ ≥ 0, (47)
κβ ≥ 0, (48)
λi ≥ 0, ∀i ∈ Nɽ (49)
ࣜ (45)Λࣜ (41)ʹ୅ೖ͢ΔͱҎԼͷࣜΛಘΔɽ
ࣜ (41) = −nκβ ≥ 0 (50)
͜͜Ͱɼࣜ (48)ΑΓ κβ = 0Ͱ͋Δɽ͜ΕΛࣜ (42)ʹ୅ೖ͢Δͱɼ
ࣜ (42) = − v
∗
i
2n−1|K|λi ≥ 0 (51)
͕ಘΒΕΔɽ∀i ∈ N , v∗i = 1͔Β v
∗
i
2n−1|K| =
1
2n−1|K| > 0Ͱ͋ΔɽΑͬͯɼ
(ࠨล) = − v
∗
i
2n−1|K|λi ≥ 0ɹ
=⇒ λi = 0 (52)
Ͱ͋ΔɽҎ্ΑΓɼ
θβ = ιβ = κβ = 0,
λi = 0, ∀i ∈ N \ Jβ
∀i ∈ Jβ ,λi ≥ 0
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ΛಘΔɽ͜͜Ͱɼλi ͸ β ʹґΒͳ͍ࣄͱɼ೚ҙͷ i ʹ͍ͭͯɼi ∈ Jβ ͱͳΔΑ͏ͳ
β ∈ S \ (
⋂
i∈N
S(i, v∗i ) ∪
⋂
i∈N
S((i, v∗ci )))͕ଘࡏ͢ΔͨΊɼ
∀i ∈ N ,λi = 0 (53)
Ͱ͋Γɼ
θβ = ιβ = κβ = 0
λi = 0, ∀i ∈ N (54)
Ͱ͋Δɽ
৔߹ 2 ͷೖྗ β ʹؔͯ͠ɼ(θ, ι,κ,λ,∆) ͕ DFILP ͷཁૉͰ͋ΔͨΊʹ͸ɼ
(θβ , ιβ ,κβ ,λ,0n+1)͕ҎԼͷෆ౳ࣜΛຬͨ͢ඞཁ͕͋Δɽ
I∗θβ + I∗ιβ − nκβ ≥ 0, (55)
c∗ιβ + κβ − v
∗
i
2n−1|K|λi ≥ 0, ∀i ∈ N , (56)
− θβ − ιβ + 1
2n−1|K|λi ≥ 0, ∀i ∈ N , (57)
θβ ≥ 0, (58)
ιβ ≥ 0, (59)
κβ ≥ 0, (60)
λi ≥ 0, ∀i ∈ N (61)
λi ͷ஋͸ β ʹґΒͳ͍ͷͰɼࣜ (53)Λࣜ (57)ʹ୅ೖ͢Δͱ
ࣜ (57) = −θβ − ιβ − 1
2n−1|K| · 0
= −θβ − ιβ ≥ 0 (62)
Ͱ͋Δɽθβ , ιβ ͷඇෛ੍໿͔Βɼ
− θβ − ιβ ≥ 0
⇐⇒ θβ = ιβ = 0 (63)
Ͱ͋Δɽࣜ (55)ʹࣜ (63)Λ୅ೖ͢Δͱ
ࣜ (55) = I∗ · 0 + I∗ · 0− nκβ
= −nκβ ≥ 0 (64)
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Ͱ͋Δɽࣜ (60)ͷඇෛ੍໿͔Βɼκβ = 0Ͱ͋ΔɽΑͬͯɼҎԼΛಘΔɽ
θβ = ιβ = κβ = 0ɽ (65)
ࣜ (40)ɼࣜ (54)ɼࣜ (65)ΑΓɼ໨తؔ਺஋ 0Λ༩͑Δղ͸ɼ
(θ, ι,κ,λ,∆) = (0|S|,0|S|,0|S|,0n, O(n+1)×|S|)
ͷΈͰ͋ΔɽΑͬͯɼ
∑
i∈N
v∗i = nͷͱ͖ɼDFILP ͸ۭͰ͋Δɽ
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ଓ͍ͯɼ∃i ∈ N , v∗i = 0ͷ৔߹ʹ͍ͭͯҎԼΛࣔ͢ɽ
ิ୊ 4.4. ∃i ∈ N , v∗i = 0ͷͱ͖ɼDFILP ͸ඇۭͰ͋Δɽ
ূ໌. ೚ҙͷਖ਼ͷ࣮਺ ϵΛ༻͍ͯɼ⟨DFILP ⟩ͷղ
θ = 0|S|,
ι = 0|S|,
κ = 0|S|,
λi =
{
0 if v∗i = 1
ϵ if v∗i = 0
, ∀i ∈ N ,
∆ = O(n+1)×|S|
(66)
͕ DFILP ͷཁૉͰ͋ΔࣄΛࣔ͢ɽDFILP ͷ੍໿͸∑
i∈{ 0 }∪N
∑
β∈S
δiβ = 0, (67)
I∗θβ + I∗ιβ − nκβ + δ0β ≥ 0, ∀β ∈ S, (68)
c∗ιβ + κβ − v
∗
i
2n−1|K|λi + δiβ ≥ 0, ∀i ∈ N , ∀β ∈ S(i, v
∗
i ), (69)
c∗ιβ + κβ + δiβ ≥ 0, ∀i ∈ N , ∀β ∈ S(i, v∗ci ), (70)
− θβ − ιβ + 1
2n−1|K|λi ≥ 0, ∀i ∈ N , ∀β ∈ S(i, v
∗
i ), (71)
θβ = 0, ιβ = 0, ∀i ∈ N , ∀β ∈ S(i, v∗ci ), (72)
θβ ≥ 0, ∀β ∈ S, (73)
ιβ ≥ 0, ∀β ∈ S, (74)
κβ ≥ 0, ∀β ∈ S, (75)
λi ≥ 0, ∀i ∈ N , (76)
δiβ ≥ 0, ∀i ∈ {0, 1, . . . , n},β ∈ S (77)
Ͱ͋ΔͨΊɼࣜ (66) Λ੍֤໿ʹ୅ೖ֬͠ೝ͢Δɽࣜ (67) ʹؔͯ͠͸ɼࣗ໌Ͱ͋Δɽࣜ
(68)ʹ͍ͭͯɼࣜ (66)Λ୅ೖͯ͠ܭࢉ͢Δͱɼ
ࣜ (68) = I∗ · 0 + I∗ · 0− n · 0 + 0
= 0 ≥ 0
ʹͳΔɽࣜ (69)ʹ͍ͭͯɼࣜ (66)Λ୅ೖͯ͠ܭࢉ͢Δͱɼ
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• v∗i = 0Ͱ͋Δ i ∈ N ʹ͍ͭͯɼ
ࣜ (69) = c∗ · 0 + 0− 0
2n−1|K|ϵ+ 0
= 0 ≥ 0
ͱͳΔɽ
• v∗i = 1Ͱ͋Δ i ∈ N ʹ͍ͭͯɼ
ࣜ (69) = c∗ · 0 + 0− 1
2n−1|K| · 0 + 0
= 0 ≥ 0
ͱͳΔɽ
ࣜ (70)ʹ͍ͭͯɼࣜ (66)Λ୅ೖͯ͠ܭࢉ͢Δͱɼ೚ҙͷ i ∈ N ,β ∈ S(i, v∗ci )ʹ͍ͭͯɼ
ࣜ (70) = c∗ · 0 + 0 + 0
= 0 ≥ 0
ͱͳΔɽࣜ (71)ʹ͍ͭͯɼࣜ (66)Λ୅ೖͯ͠ܭࢉ͢Δͱɼ
• v∗i = 0Ͱ͋Δ i ∈ N ʹ͍ͭͯɼ 12n−1|K| > 0, ϵ > 0ʹ஫ҙ͢Δͱ
ࣜ (71) = −0− 0 + 1
2n−1|K|ϵ
=
1
2n−1
ϵ > 0
ͱͳΔɽ
• v∗i = 1Ͱ͋Δ i ∈ N ʹ͍ͭͯɼ
ࣜ (71) = −0− 0 + 1
2n−1|K|0
= 0 ≥ 0
ͱͳΔɽ
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ࣜ (72)͔Βࣜ (77)ʹ͍ͭͯ͸ࣗ໌Ͱ͋ΔɽΑͬͯɼղ
θ = 0|S|,
ι = 0|S|,
κ = 0|S|,
λi =
{
0 if v∗i = 1
ϵ if v∗i = 0
, ∀i ∈ N ,
∆ = O(n+1)×|S|
͸ DFILP ͷཁૉͰ͋Δɽ
ิ୊ 4.3 ͱิ୊ 4.4 ΑΓɼ͢΂ͯͷސ٬ i ∈ N ͕ਅʹࣄۀΛධՁ͍ͯ͠Δ࣌ɼFILP
͸ඇۭͰ͋ΔɼͦΕҎ֎ͷ৔߹͸ FILP ͸ۭͰ͋Δɽ
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5 ϞϥϧϋβʔυΛߟྀͨ͠Ϋϥ΢υϑΝϯσΟϯάϝΧχ
ζϜʹର͢ΔఏҊख๏
࣍ʹɼϞϥϧϋβʔυΛߟྀͨ͠৔߹ͷ CFMʹ͍ͭͯߟ͑ΔɽϞϥϧϋβʔυΛߟྀ
ͨ͠Ϋϥ΢υϑΝϯσΟϯάͰ͸ɼىۀՈ͸ࣄલૹۚΛಘͨޙʹɼϞϥϧϋβʔυΛى͜
͔͢Ͳ͏͔ͷҙࢥܾఆΛ͢Δɽ͜ͷͱ͖ɼىۀՈ͸ظ଴རಘ Π0(T |(I, c), (I∗, c∗))Λܭࢉ
͢Δɽࣄલૹۚ T Λड͚ͱͬͨޙʹىۀՈ͕ҙࢥܾఆΛߦ͏ͱ͍͏ߏ଄Λදͨ͢Ίɼؼ
݁ϕΫτϧ xͱࣄલૹۚϕΫτϧ ta Λܾఆͨ͠ޙɼࣄޙૹۚϕΫτϧ tp ΛܾΊΔɽ͢ͳ
ΘͪɼϞϥϧϋβʔυΛߟྀͨ͠৔߹ͷΫϥ΢υϑΝϯσΟϯάΛ̎ͭͷઢܗγεςϜͰ
දݱ͢Δɽ
͸͡ΊʹɼىۀՈͷظ଴རಘ Π0(T |(I, c), (I∗, c∗))Λܭࢉ͢ΔͨΊʹඞཁͳॾఆཧΛࣔ
͢ɽ·ͣɼىۀՈͷਅͷίετ (I∗, c∗) ʹର͠ɼίετ (I, c) ∈ K Λਃࠂ͠ɼࣄલૹۚ
T ∈ τ(I, c)Λಘͨͱ͖ɼࣄۀΛߦͬͨىۀՈ͕ಘΔظ଴རಘ͸
Π¯0(T |(I, c), (I∗, c∗)) =
∑
v∈V (T |(I,c))
η(v|T, (I, c))Π((I, c),v|(I∗, c∗)) (78)
=
∑
v∈V (T |(I,c))
π(v)∑
v′∈V (T |(I,c)) π(v
′)
Π((I, c),v|(I∗, c∗)) (79)
=
∑
v∈V (T |(I,c))
1
2n
2n
|V (T |(I, c))|Π((I, c),v|(I
∗, c∗)) (80)
=
1
|V (T |(I, c))|
∑
v∈V (T |(I,c))
Π((I, c),v|(I∗, c∗)) (81)
Ͱ͋Δɽ͜ΕΛ༻͍ͯɼࣄલૹۚʹ͍ͭͯҎԼͷੑ࣭Λࣔ͢ɽ
ఆཧ 5.1. ىۀՈ͕ίετ (I, c) ∈ K Λਃࠂͨ͠ͱ͖ɼͱΓ͏Δࣄલૹۚͷू߹ τ(I, c)
͸࣍ͷू߹Ͱද͢͜ͱ͕ग़དྷΔɽ{∑
i∈N
taiβ
∣∣∣∣∣β ∈ S(I, c), x0β = 1
}
ɽ
ূ໌. τ(I, c)ͷఆٛΑΓɼ
τ(I, c) =
{∑
i∈N
P˜M
a
i (((I, c),v)
∣∣∣∣∣v ∈ V , R˜M0((I, c),v) = 1
}
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Ͱ͋Δɽೖྗ ((I, c),v) ʹରԠ͢Δ CFM ͷग़ྗ͢ΔىۀՈͷؼ݁ͱސ٬ i ∈ N ͷࣄલ
ૹۚΛɼߦྻ X,TA Ͱද͢ͱɼ
R˜M0((I, c),v) = x0β ,
P˜M
a
i ((I, c),v) = t
a
iβ
Ͱ͋Δɽ͜͜ͰɼىۀՈ͕ίετ (I, c) Λਃࠂ͍ͯ͠Δೖྗͷू߹͸ɼS(I, c) Ͱ͋Δɽ
ΑͬͯɼىۀՈ͕ίετ (I, c) ∈ K Λਃࠂͨ͠ͱ͖ʹૹۚ͞ΕΔࣄલૹۚͷ૯ֹͷू߹
τ(I, c)͸
τ(I, c) =
{∑
i∈N
taiβ
∣∣∣∣∣β ∈ S(I, c), x0β = 1
}
Ͱ͋Δɽ
ࠓޙɼߦྻ X,TA, TP ʹΑΔɼىۀՈ͕ίετ (I, c) Λਃࠂͨ͠ͱ͖ͷࣄલૹۚͷू
߹Λ
TX,T
A
(I, c) =
{∑
i∈N
taiβ
∣∣∣∣∣β ∈ S(I, c) ∧ x0β = 1
}
(82)
ͱ͢Δɽ
࣍ʹɼίετ (I, c)ͱࣄલૹۚ T Λ༩͑ΔධՁϕΫτϧͷू߹ V (T |(I, c))ͷཁૉ v ͔
Βߏ੒͞ΕΔೖྗͷ૊ ((I, c),v)ʹରԠ͢ΔΠϯσοΫεͷू߹ΛҎԼʹࣔ͢ɽ
ఆཧ 5.2. ىۀՈͷίετ (I, c) ͱࣄલૹۚ T Λ༩͑ΔධՁϕΫτϧ v ͷ͔Βߏ੒͞Ε
Δ૊ ((I, c),v)ͷू߹͸ɼ
SX,T
A
(T |(I, c)) =
{
β ∈ S(I, c)
∣∣∣∣∣∑
i∈N
taiβ = T ∧
∑
i∈N
xiβ = 1
}
Ͱ͋Δɽ
ূ໌. ىۀՈ͕ίετ (I, c) Λਃࠂͨ͠ͱ͖ࣄલૹ͕ۚ T ʹͳΔΑ͏ͳධՁϕΫτϧ v
ͷू߹ V (T |(I, c))͸ɼఆٛΑΓ
V (T |(I, c)) =
{
v ∈ V
∣∣∣∣∣∑
i∈N
P˜M
a
i ((I, c),v) = T ∧ R˜M0((I, c),v) = 1
}
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Ͱ͋Δɽೖྗ ((I, c),v) ʹରԠ͢Δ CFM ͷग़ྗ͢ΔىۀՈͷؼ݁ͱސ٬ i ∈ N ͷࣄલ
ૹۚΛɼΠϯσοΫε β = f((I, c),v)Λ༻͍ͯߦྻ X,TA Ͱද͢ͱɼ
R˜M0((I, c),v) = x0β ,
P˜M
a
i ((I, c),v) = t
a
iβ
Ͱ͋Δɽ
Ҏ߱ɼSX(I, c) = { β ∈ S(I, c) | x0β = 1 }ͱ͢ΔɽҎ্Λ༻͍ͯɼىۀՈͷਅͷίε
τ (I∗, c∗)ʹର͠ɼىۀՈ͕ίετ (I, c) ∈ KΛਃࠂ͠ɼT Λಘͨͱ͖ɼࣄۀΛߦͬͨى
ۀՈͷظ଴རಘΛߦྻ X,TA, TP Ͱදݱ͢Δͱɼ
Π¯0(T |(I, c), (I∗, c∗))
=
1
|SX,TA(T |(I, c))|
∑
β∈SX,TA (T |(I,c))
{∑
i∈N
(taiβ + t
p
iβ)− I∗x0β − c∗
∑
i∈N
xiβ
}
ͱͳΔɽߦྻX,TA, TP Λ༻͍ͯɼىۀՈͷਅͷίετ (I∗, c∗)ʹର͠ɼىۀՈ͕ίετ
(I, c) ∈ KΛਃࠂ͠ T Λಘͨͱ͖ɼࣄۀΛߦͬͨىۀՈͷظ଴རಘΛɼ
Π¯X,T
A,TP
0 (T |(I, c), (I∗, c∗))
=
1
|SX,TA(T |(I, c))|
∑
β∈SX,TA (T |(I,c))
{∑
i∈N
(taiβ + t
p
iβ)− I∗x0β − c∗
∑
i∈N
xiβ
}
ͱ͢Δɽ
্ͷఆٛΛ༻͍ͯ obedient ੑΛߦྻ X,TA, TP Ͱදݱ͢Δɽ
ఆཧ 5.3. CFM͕ obedient ੑΛຬͨ͢ࣄͱɼߦྻ X,TA, TP ͕࣍ͷෆ౳ࣜΛຬͨ͢͜
ͱ͸ಉ஋Ͱ͋Δɽ
∀T ∈ TX,TA(I, c),
Π¯X,T
A,TP
0 (T |(I, c), (I∗, c∗)) ≥ αTɽ
ূ໌. CFM͕ obedient ੑΛຬͨ͢ͱ͸ɼ
∀T ∈ τ((I∗, c∗)), Π¯0(T |(I∗, c∗), (I∗, c∗)) ≥ αT
Λຬͨ͢͜ͱͰ͋Δɽίετ (I, c)Λਃࠂ͠ɼࣄલૹۚ T ΛಘͨىۀՈͷظ଴རಘΛߦྻ
X,TA, TP Ͱද͢ͱɼΠ¯X,T
A,TP
0 (T |(I, c), (I∗, c∗))Ͱ͋Δɽ
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ͭ͗ʹɼىۀՈͷਅͷίετ (I∗, c∗)ʹର͠ɼίετ (I, c)Λએݴͨ͠ͱ͖ͷظ଴རಘ
΋ߦྻ X,TA, TP Λ༻͍ͯදݱ͢Δɽ
ఆཧ 5.4. ىۀՈͷਅͷίετ (I, c)ʹରͯ͠ɼίετ (I, c)Λਃࠂͨ͠ͱ͖ͷظ଴རಘ
͸ɼ࣍ͷࣜͱಉ஋Ͱ͋Δɽ
Π¯((I, c)|(I∗, c∗)) = ɹ 1
2n
∑
T∈TX,TA (I,c)
|SX,TA(T |(I, c))|max
{
Π¯X,T
A,TP
0 (T |(I, c), (I∗, c∗)),αT
}
+
1
2n
∑
β∈S(I,c)\SX(I,c)
ΠX,T
A,TP (β|(I∗, c∗))ɽ
ূ໌. ىۀՈͷਅͷίετ (I, c)ʹରͯ͠ɼίετ (I, c)Λਃࠂͨ͠ͱ͖ͷظ଴རಘ͸ɼ
Π¯((I, c)|(I∗, c∗)) =
∑
T∈τ(I,c)
P (T |(I, c))max{Π¯0(T |(I, c), (I∗, c∗)),αT}
+
∑
v|R˜M0((I,c),v)=0
π(v)Π((I, c),v|(I∗, c∗))
Ͱ͋ΔɽୈҰ߲ʹ͍ͭͯɼP (T |(I, c)) =∑v∈V (T |(I,c)) π(v)Ͱ͋Δ͜ͱʹ஫ҙ͢Δͱɼ∑
T∈τ(I,c)
P (T |(I, c))max{Π¯0(T |(I, c), (I∗, c∗)),αT}
=
1
2n
∑
T∈TX,TA (I,c)
|SX,TA(T |(I, c))|max
{
Π¯X,T
A,TP
0 (T |(I, c), (I∗, c∗)),αT
}
Ͱ͋Δɽ͜͜ͰɼىۀՈͷਃࠂͨ͠ίετ (I, c)ͱධՁϕΫτϧ v ∈
{
v
∣∣∣˜RM0((I, c),v) = 0 }
ʹର͢ΔΠϯσοΫεͷू߹͸ɼS(I, c) \ SX(I, c)Ͱ͋ΔɽΑͬͯɼ∑
v|R˜M0((I,c),v)=0
π(v)Π((I, c),v|(I∗, c∗))
=
1
2n
∑
v|R˜M0((I,c),v)=0
Π((I, c),v|(I∗, c∗))
=
1
2n
∑
β∈S(I,c)\SX(I,c)
ΠX,T
A,TP (β|(I∗, c∗))
Ͱ͋Δɽ
͞ΒʹɼϞϥϧϋβʔυΛߟྀͨ͠৔߹ͷ E–truthful Λߦྻ X,TA, TP Ͱද͢ɽ
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ఆཧ 5.5. CFM͕ E–truthfuldͰ͋Δ͜ͱͱɼߦྻX,TA, TP ͕ҎԼͷෆ౳ࣜΛຬͨ͢
ࣄ͸ಉ஋Ͱ͋Δɽ
∀(I, c) ∈ K, Π¯X,TA,TP ((I∗, c∗)|(I∗, c∗)) ≥ Π¯X,TA,TP ((I, c)|(I∗, c∗))ɽ
ূ໌. CFM͕ E–truthful Ͱ͋Δͱ͸ɼىۀՈʹͱͬͯਖ਼௚ʹਃࠂ͢Δ͜ͱ͕࠷ྑͷઓུ
Ͱ͋ΔࣄΛҙຯ͢Δɽߦྻ X,TA, TP ʹ͓͍ͯɼىۀՈ͕ίετ (I, c) Λએݴͨ͠ͱ͖
ͷظ଴རಘ͸ɼΠ¯X,T
A,TP (((I, c))|(I∗, c∗))Ͱ͋ΔͷͰɼ೚ҙͷίετ (I, c)ʹରͯ͠ɼ
Π¯X,T
A,TP ((I∗, c∗)|(I∗, c∗)) ≥ Π¯X,TA,TP ((I, c)|(I∗, c∗))
Ͱ͋Δɽ
CFM ͕ obedient Ͱ͋Δͱ͖ɼىۀՈ͸ਖ਼௚ਃࠂΛͨ͠ࡍʹϞϥϧϋβʔυΛى͜͢
͜ͱ͸ͳ͍ɽނʹɼਖ਼௚ͳਃࠂΛ͍ͯ͠ΔىۀՈͷظ଴རಘ Π¯X,T
A,TP ((I∗, c∗)|(I∗, c∗))
͸ɼਖ਼௚ͳਃࠂΛߦ͍ࣄۀΛߦ͏ىۀՈͷظ଴རಘ Π˜X,T
A,TP ((I∗, c∗)|(I∗, c∗)) ʹ౳͠
͍ɽΑͬͯɼCFM ͕ obedient Ͱ͋Δͱ͖ɼCFM ͕ E–truthful Ͱ͋Δ͜ͱͱɼߦྻ
X,TA, TP ͕ɼ೚ҙͷίετ (I, c)ʹ͍ͭͯҎԼͷෆ౳ࣜΛຬͨ͢͜ͱ͸ಉ஋Ͱ͋Δɽ
Π˜X,T
A,TP ((I∗, c∗)|(I∗, c∗)) ≥ Π¯X,TA,TP (((I, c))|(I∗, c∗))ɽ
ىۀՈͷظ଴རಘ Π¯X,T
A,TP (((I, c))|(I∗, c∗))͸ɼmaxͷԋࢉΛؚΉͨΊɼઢܗํఔࣜͰ
͸ͳ͍ɽىۀՈͷظ଴རಘ Π¯X,T
A,TP (((I, c))|(I∗, c∗)) Λ৚݅ʹؚΉ E–truthful Λઢܕ
ํఔࣜͱͯ͠දݱ͢ΔࣄΛ໨ඪͱ͢ΔɽॳΊʹɼىۀՈ͕ίετ (I, c)Λએݴͨ͠ͱ͖ͷ
ظ଴རಘ͸
Π¯X,T
A,TP (((I, c))|(I∗, c∗))
=
1
2n
∑
T∈TX,TA (I,c)
|SX,TA(T |(I, c))|max
{
Π¯X,T
A,TP
0 (T |(I, c), (I∗, c∗)),αT
}
+
1
2n
∑
β∈S(I,c)\SX(I,c)
ΠX,T
A,TP (β|(I∗, c∗))
Ͱ͋Δɽ͜͜Ͱɼࣄલૹۚ T ʹରͯ͠ม਺ ZT Λಋೖ͢Δɽม਺ ZT ͸ҎԼͷํఔࣜܥΛ
ຬͨ͢ɽ
ZT ≥ Π¯X,T
A,TP
0 (T |(I, c), (I∗, c∗)), ZT ≥ αTɽ
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Αͬͯɼࣄલૹۚ T ʹ͍ͭͯɼม਺ZT ͸ɼZT ≥ max
{
Π¯X,T
A,TP
0 (T |(I, c), (I∗, c∗)),αT
}
Ͱ͋Δɽ
͜ͷ ZT Λ༻͍ͯɼCFM͕ obedient Ͱ͋Δͱ͖ɼCFM͕ E–truthful Ͱ͋ΔࣄΛද͢ɽ
∀(I, c) ∈ K, Π˜X,TA,TP ((I∗, c∗)|(I∗, c∗)) ≥ 1
2n
∑
T∈TX,TA (I,c)
|SX,TA(T |(I, c))|
2n
ZT
+
1
2n
∑
β∈S(I,c)\SX(I,c)
ΠX,T
A,TP (β|(I∗, c∗)),
∀(I, c) ∈ K, ∀T ∈ TX,TA(I, c), ZT ≥ Π¯X,T
A,TP
0 (T |(I, c), (I∗, c∗)),
∀(I, c) ∈ K, ∀T ∈ TX,TA(I, c), ZT ≥ αTɽ
Ϋϥ΢υϑΝϯσΟϯά (K,N , (I∗, c∗),v,α,CFM)ʹ͓͍ͯɼ࣮ߦՄೳͳ CFMͷ͢
΂ͯͷೖྗʹରͯ͠ɼؼ݁ͱࣄલૹۚΛઌʹܾఆ͠ɼࣄޙૹۚΛܾఆ͢Δɽ͸͡Ίʹઢܗ
γεςϜ ⟨TAP ⟩Λղ͖ɼؼ݁ͱࣄલૹۚΛܾఆ͢Δɽ
⟨TAP ⟩
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
find X,TA
s.t.
∑
i∈N
taiβ ≥ I∗x0β , ∀β ∈ S,
nx0β ≥
∑
i∈N
xiβ , ∀β ∈ S,
X ∈ {0, 1}(n+1)×|S| ,
TA ∈ Rn×|S|+ .
͜͜ͰɼI∗, c∗ ͸ఆ਺Ͱ͋Δɽ⟨TAP ⟩ͷղX ͷू߹ΛX ͱ͠ɼղ TA ͷू߹Λ T A ͱ
͢ΔɽX ͷཁૉX ͱ T A ͷཁૉ TA Λ༻͍ͯɼ࣍ͷઢܗγεςϜ ⟨TPP ⟩Λղ͖ɼࣄޙ
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ૹۚΛܾఆ͢Δɽ
⟨TPP ⟩
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
find TP ,Z
s.t.
∑
i∈N
(taiβ + t
p
iβ) ≥ I∗x0β + c∗
∑
i∈N
xiβ , ∀β ∈ S,
U¯X,T
A,TP
i (v
∗
i |v∗i ) ≥ 0 ≥ 0, ∀i ∈ N ,
U¯X,T
A,TP
i (v
∗
i |v∗i ) ≥ U¯X,T
A,TP
i (v
∗c
i |v∗i ), ∀i ∈ N ,
Π¯X,T
A,TP
0 (T |(I, c), (I∗, c∗)) ≥ αT, ∀T ∈ TX,T
A
(I∗, c∗),
Π˜X,T
A,TP ((I∗, c∗)|(I∗, c∗)) ≥ ɹ 1
2n
∑
T∈TX,TA (I,c)
|SX,TA(T |(I, c))|
2n
ZT
+
1
2n
∑
β∈S(I,c)\SX(I,c)
ΠX,T
A,TP (β|(I∗, c∗)), ∀(I, c) ∈ K,
ZT ≥ Π¯X,T
A,TP
0 (T |(I, c), (I∗, c∗)), ∀(I, c) ∈ K, ∀T ∈ TX,T
A
(I, c),
ZT ≥ αT, ∀(I, c) ∈ K, ∀T ∈ TX,TA(I, c),
TP ∈ Rn×|S|+ ,
ZT ∈ R+, ∀(I, c) ∈ K, ∀T ∈ TX,TA(I, c)ɽ
ͳ͓ɼ໰୊ ⟨TPP ⟩ ʹ͓͍ͯɼI∗, c∗, X, TA ͸ఆ਺Ͱ͋Γɼ͓͜Γ͏Δࣄલૹۚͷू߹
T =
⋃
(I,c)∈K T
X,TA(I, c) Λ༻͍ͯɼϕΫτϧ Z = (ZT )T∈T ͱ͢Δɽ⟨TPP ⟩ Λ࣮ߦ
Մೳͱ͢ΔX,TA ͱͦͷ໰୊ ⟨TPP ⟩ͷղ TP ͸ɼ੍໿͔Β࣮ߦՄೳੑɼݸਓ߹ཧੑɼ༠
Ҽཱ྆ੑΛຬͨ͢ɽ͕ͨͬͯ͠ɼ໰୊ ⟨TAP ⟩ͷղ X,TA ͱ X,TA Λ༻͍ͯಘΒΕΔ໰
୊ ⟨TPP ⟩ͷղ TP ΛٻΊΔ͜ͱͰ࣮ߦՄೳͳϝΧχζϜΛಘΔ͜ͱ͕Ͱ͖Δɽ
͜͜Ͱɼ໰୊ ⟨TPP ⟩ ͷղۭؒ͸ɼ໰୊ ⟨TAP ⟩ ͷղʹΑͬͯఆ·Δ͜ͱʹ஫ҙ͢Δɽ
͜ͷͨΊɼϞϥϧϋβʔυΛߟྀ͠ͳ͍ͱ͖ͱಉ༷ͷղੳ͸೉͍͠ͱߟ͑ΒΕΔɽΑͬ
ͯɼϞϥϧϋβʔυΛߟྀͨ͠৔߹ͷղੳ͸ࠓޙͷ՝୊ͱ͢Δɽ
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6 ·ͱΊͱߟ࡯
6.1 ·ͱΊ
ຊݚڀͰ͸ RolandͷϞσϧʹ͓͚Δ࣮ߦՄೳͳ CFMΛઢܗγεςϜͱͯ͠දݱ͢Δ
ख๏ΛఏҊͨ͠ɽઌߦݚڀͰ͸࣮ߦՄೳͳ CFMΛٻΊΔࣄ͸ࠔ೉Ͱ͋Γɼ؇࿨໰୊Λ༻
͍Δ͜ͱͰٻΊ͍͕ͯͨɼఏҊͨ͠ઢܗγεςϜΛղ͚͹ɼ؇࿨໰୊Λ༻͍ͣͱ΋࣮ߦՄ
ೳͳϝΧχζϜΛಘΔ͜ͱ͕ग़དྷΔɽ·ͨɼઢܗγεςϜͱͯ͠දݱ͢Δ͜ͱͰ༷ʑͳղ
ੳख๏ͷద༻͕ՄೳʹͳΔͱߟ͑ΒΕΔɽ
·ͨɼϞϥϧϋβʔυΛߟྀ͠ͳ͍Ϋϥ΢υϑΝϯσΟϯά (V,N , (I∗, c∗),v)ʹ͓͍
ͯɼ࣮ߦՄೳੑͱݸਓ߹ཧੑΛ࣋ͭ CFMʹ͍ͭͯઢܗγεςϜΛ؇࿨͠ɼ؇࿨໰୊ʹର
ͯ͠ೋऀ୒ҰͷఆཧΛ༻͍ͯ಺఺ڐ༰ղ͕ଘࡏ͢Δ͔ٞ࿦ͨ͠ɽ͜ͷख๏Λ༻͍Ε͹ɼ੍
໿ͷଟ͍ CFMʹରͯ͠΋ղੳͷࢳޱΛ༩͑Δ͜ͱ͕ग़དྷΔɽ
6.2 ࠓޙͷల๬
ຊݚڀͰऔΓѻͬͨΫϥ΢υϑΝϯσΟϯάͷϞσϧ͸γϯϓϧͳ΋ͷͰ͋Δɽྫ͑
͹ɼຊݚڀͰ͸ސ٬ͷධՁΛೋ஋ͱͯ͠ѻͬͨɽ͔͠͠ɼ࣮ࡍͷࢢ৔ʹ͓͍ͯɼސ٬͸ࡒ
Λ͍͔ͭ͘ر๬͠ɼͦΕʹରͯ͠Ͳ͜·ͰͳΒ෷ͬͯ΋͍͏৘ใΛ࣋ͭͱߟ͑Δࣄ͕Ͱ͖
Δɽಛʹɼઌߦݚڀ [8]Ͱ͸ɼϓϩδΣΫτΛߴ͘ධՁ͢Δސ٬͕ΑΓଟ͘ࢧ෷͏͜ͱͰ
ࣄۀΛ੒ޭͤ͞Α͏ͱ͢ΔɼΫϥ΢υϑΝϯσΟϯάࢢ৔ಛ༗ͷݱ৅͕ใࠂ͞Ε͍ͯΔɽ
ͦ͜ͰϞσϧͷ֦ுͱͯ͠ɼސ٬ͷධՁ஋Λೋ஋͔Β੔਺஋ʹมߋ͢ΔࣄΛఏҊ͢Δɽ
·ͨࠓճɼސ٬͸ଞͷސ٬ͷධՁ͕Θ͔Βͳ͍ͱ͍͏ԾఆͷԼͰߦ͕ͬͨɼ࣮ࡍͷΫϥ΢
υϑΝϯσΟϯάϓϥοτϑΥʔϜ͸ݱࡏͷࢧԉঢ়گ͕ެ։͞Ε͍ͯΔࣄ͕ଟ͍ɽͦ͜
Ͱɼސ٬͕ॱʹϓϩδΣΫτʹ౸ண͠ධՁΛߦ͏Α͏ͳϞσϧ͕ߟ͑ΒΕΔɽ͜ͷͱ͖ɼ
ސ٬͸ࣗ਎ΑΓઌʹ౸ணͨ͠ސ٬ͷධՁΛ༧૝͠ҙࢥܾఆΛߦ͏ҝɼΑΓ࣮ྫʹ͍ۙϞσ
ϧͱͳΔ͜ͱ͕༧૝͞ΕΔɽ
CFM͸ɼݩ໰୊ʹ੔਺੍໿͕ଘࡏ͢ΔͨΊɼઢܗγεςϜͱͯ͠දݱͨ͠ CFMʹඇ
ࣗ໌ͳղ͕ଘࡏ͢Δ͔Ͳ͏͔ͷ൑ఆ͸೉͍͠ɽ͜ͷ໰୊͸ࡒ͕ͲͷΑ͏ʹͰ΋෼ׂՄೳͰ
͋Ε͹ղফ͢Δ͜ͱ͕ग़དྷΔ͕ɼҰൠతʹࡒ͸ඇ෼ׂͰ͋ΔɽҰํɼ؇࿨ͨ͠໰୊ʹର͠
ͯɼ಺఺ڐ༰ղͰ͸ͳ͘ඇࣗ໌ͳղͷଘࡏΛ൑ఆ͢Δํ๏͕ଘࡏ͢Δɽͦ͏͍ͬͨख๏
͸ɼސ٬΁ࡒΛෳ਺ׂ౰ͯΔࣄΛڐ͢͜ͱͰɼઢܗγεςϜΛಉ࣍ܗͷγεςϜͱͯ͠
ѻ͍ͬͯΔɽಉܗܥͷγεςϜʹ͸෼཭ఆཧ [9]͔ΒɼຊݚڀͰऔΓѻͬͨ΋ͷͱ͸ผͷ
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ೋऀ୒Ұͷఆཧ͕ଘࡏ͠ɼͦΕΛ༻͍Δ͜ͱͰඇࣗ໌ͳղͷଘࡏΛ൑ఆ͢Δ [1]͜ͱ͕Ͱ
͖Δɽ·ͨɼઢܗγεςϜͱͯ͠දݱͨ͠ CFMʹɼ಺఺ڐ༰ղ͕ଘࡏ͠ͳ͘ͳΔΑ͏ͳ
੍໿Λ௥Ճ͢Δ͜ͱͰɼCFMͷଘࡏʹͲͷ੍໿͕େ͖ؔ͘Θ͍ͬͯΔ͔ͷղੳΛߦ͏ࣄ
͕ߟ͑ΒΕΔɽ
ँࣙ
ຊ࿦จΛࣥච͢Δʹ͋ͨͬͯɼࢦಋڭһͷߴڮઌੜ͔Βଟ͘ͷ͝ࢦಋΛ௖͍ͨɽ͜͜ʹ
ਂँͷҙΛද͢Δɽ·ͨɼຊݚڀ΍࠷దԽθϛʹ͓͍ͯɼಛʹຊݚڀͰ༻͍ͨೋऀ୒Ұͷ
ఆཧʹ͍ͭͯɼ͝ࢦಋΛ௖͍ͨଜদઌੜʹײँͷҙΛද͢Δɽ෭ࠪͱͯ͠࿦จͷࡉ෦ʹΘ
ͨΓ͝ࢦಋΛ௖͍ͨԬຊઌੜʹɼײँͷҙΛද͢Δɽ࠷ޙʹɼݚڀ׆ಈΛߦ͏্Ͱɼଟ͘
ͷαϙʔτΛߦͬͯ௖͍ͨߴڮݚڀࣨɼଜদݚڀࣨɼอ໦ݚڀࣨͷֶੜʹײँ͢Δɽ
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෇࿥ A ೋऀ୒Ұͷఆཧͷূ໌
ຊষͰ͸ɼೋऀ୒Ұͷఆཧʹ͍ͭͯূ໌Λߦ͏ɽͦͷલʹɼತू߹΍ਲ਼ʹ͍ͭͯಋೖΛ
ߦ͏ɽ
A.1 ತू߹ɼਲ਼ͱ෼཭ఆཧ
ू߹ C ⊆ Rn ʹ͍ͭͯɼ
∀u, s ∈ C, ∀α ∈ [0, 1],αu+ (1− α)s ∈ C
͕੒ΓཱͭͳΒ͹ɼC Λತू߹ͱݺͿɽ
ू߹K ⊆ Rn ͕ਲ਼Ͱ͋Δͱ͸ɼ೚ҙͷ u ∈ K,λ > 0ʹ͍ͭͯɼλu ∈ K Ͱ͋ΔࣄΛ͍
͏ɽ·ͨɼਲ਼K ͷ૒ରਲ਼͸ɼू߹
{
m ∈ Rn ∣∣∀u ∈ K,uTm ≥ 0 }ͱఆٛ͞ΕɼK∗ Ͱ
දه͞ΕΔɽಛʹɼਲ਼ K ͱͦͷ૒ରਲ਼͕Ұக͢Δ࣌ɼਲ਼ K Λࣗݾ૒ରਲ਼ͱݺͿɽRn++
ͷ૒ରਲ਼͸ Rn+ Ͱ͋Δɽ࣮ࡍɼRn+ ͷ೚ҙͷཁૉ u͸ ∀s ∈ Rn++, sTu ≥ 0Ͱ͋Δɽ
ತू߹ʹ͓͍ͯɼ࣍ͷ෼཭ఆཧ͕஌ΒΕ͍ͯΔɽ
ఆཧ ෇࿥ A.1. ۭͰͳ͍ޓ͍ʹૉͳತू߹ C,E ⊆ Rn ʹ͍ͭͯɼ͋Δ y ∈ Rn,y ̸= 0n
͕ଘࡏ͠ɼ
cTy ≤ eTy(c ∈ C, e ∈ E)
͕੒Γཱͭɽ
ৄ͘͠͸ɼॻ੶ [9]Λࢀরʹ͞Ε͍ͨɽ
A.2 ೋऀ୒Ұͷఆཧͷূ໌
ߦྻ A ∈ Rm×n ͱ m ࣍ݩϕΫτϧ b ʹ͍ͭͯߟ͑ΔɽຊݚڀͰѻͬͨೋऀ୒Ұͷ
ఆཧ 2.1 Λࣔ͢ɽ͜͜Ͱɼू߹ P Λ {s ∈ Rn|As > b, s > 0n} ͱఆٛ͠ɼू߹ D Λ
{u ∈ Rm|ATu ≤ 0n, bTu ≥ 0,u ≥ 0m,u ̸= 0m}ͱఆٛ͢Δɽೋऀ୒ҰͷఆཧΛू߹ P
ͱ D ʹద༻͢Δͱɼ
• P = ∅ =⇒ D ̸= ∅ɽ
• D = ∅ =⇒ P ̸= ∅ɽ
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Ͱ͋Δɽೋऀ୒ҰͷఆཧΛࣔ͢ҝʹɼ࣍ͷิ୊Λࣔ͢ɽ
ิ୊ ෇࿥A.1. P = ∅ ∨D = ∅ɽ
ূ໌. P ̸= ∅ ∧ D ̸= ∅ͱԾఆ͢Δɽs ∈ P ͱ u ∈ D Λ༻͍ͯࣜ uT (As− b)ʹ͍ͭͯߟ
͑Δɽs ∈ P ͳͷͰɼ(As− b) > 0mɽ·ͨɼu ∈ D ΑΓɼu ̸= 0mɼ͔ͭ u ≥ 0m Ͱ͋
ΔͨΊɼuT (As− b) > 0Ͱ͋Δɽߋʹɼࣜ uT (As− b)Λల։ͯ͠ɼ
uT (As− b) = uTAs− uT b
= (ATu)Ts− uT b
Ͱ͋Δɽ͜͜ͰɼATu ≤ 0n ͔ͭ s > 0n ΑΓɼ(ATu)Ts ≤ 0Ͱ͋ΔɽbTu ≥ 0ΑΓɼ
(ATu)Ts− uT b ≤ 0Ͱ͋Δɽ͜Ε͸ (ATu)Ts− uT b > 0ʹໃ६͢Δɽ
ิ୊ ෇࿥A.2. P = ∅ =⇒ D ̸= ∅ɽ
ূ໌. m ࣍ݩϕΫτϧͷू߹ A = {As− b | s > 0n } Λߟ͑Δɽ͜͜ͰɼP ͕ۭͰ͋
ΔͨΊɼ∃i ∈ [m],∑nj=1 aijsj ≤ bi ⇐⇒ ∑nj=1 aijsj − bi ≤ 0 Ͱ͋Δ. Rm++ = {c ∈
Rm|∀i ∈ [m], ci > 0}ΑΓɼA ∩ Rm++ = ∅Ͱ͋Δɽ෼཭ఆཧΑΓɼ͋Δ y ̸= 0m ͕ଘࡏ
͠ɼ∀w ∈ A, ∀v ∈ Rm++,yTw ≤ yTv ͕੒Γཱͭɽ
͜͜Ͱɼޙͷٞ࿦ͷҝʹ ∀v ∈ Rm++,yTv ≥ 0 Ͱ͋ΔࣄΛ͓ࣔͯ͘͠ɽ
∃v ∈ Rm++,yTv < 0ΛԾఆ͢ΔɽԾఆΑΓɼ೚ҙͷ λ > 0Λ༻͍ͯɼλyTv < 0Ͱ͋Δɽ
λv ∈ Rm++ Ͱ͋ΓɼλΛେ͖͘͢ΔࣄͰɼλyTv ͸͍͘ΒͰ΋খ͘͢͞Δࣄ͕Ͱ͖Δɽ͜
Ε͸ɼ
{
yTv
∣∣v ∈ Rm+ }͕Լʹ༗քͰ͋Δ͜ͱʹໃ६͢ΔɽΑͬͯɼyTv ≥ 0Ͱ͋Δɽ
∀v ∈ Rm++,yTv ≥ 0ΑΓɼy ͸ Rm++ ͷ૒ରਲ਼ Rm∗++ ʹؚ·ΕΔɽRm∗++ ͷ૒ରਲ਼͸ Rm+
ͳͷͰɼy ∈ Rm+ Ͱ͋Δɽ
͕ͨͬͯ͠ɼ
∀w ∈ A,yTw ≤ 0
⇐⇒ ∀s > 0n,yT (As− b) ≤ 0
⇐⇒ ∀s > 0n, (ATy)Ts ≤ yT bɽ
͜͜Ͱɼ(ATy)Ts ≤ 0 Λࣔ͢ɽ∃s > 0n, (ATy)Ts > 0 ͱԾఆ͢Δɽ೚ҙͷਖ਼ͷ࣮
਺ λ Λ༻͍ΔࣄͰ (ATy)Tλs Λ͍͘ΒͰ΋େ͖͘͢Δ͜ͱ͕Ͱ͖Δɽλs > 0n ΑΓ{
(ATy)Ts
∣∣s > 0n } ্͕ʹ༗քͰ༗Δ͜ͱʹໃ६͢ΔɽΑͬͯɼ(ATy)Ts ≤ 0 Ͱ͋
Δɽs > 0n ΑΓɼATy ≤ 0n Ͱ͋ΓɼbTy ≥ 0Ͱ͋Δɽ͕ͨͬͯ͠ɼy ͸ DͷཁૉͰ͋
Δɽ
49
ิ୊ ෇࿥A.3. D = ∅ =⇒ P ̸= ∅ɽ
ূ໌. P = ∅ ͷ৔߹Λߟ͑Δɽิ୊෇࿥ A.2 ΑΓɼD ̸= ∅ Ͱ͋Δɽ͜Ε͸લఏʹໃ६͢
Δɽ
ิ୊෇࿥ A.1ɼิ୊෇࿥ A.2ɼิ୊෇࿥ A.3ΑΓɼೋऀ୒Ұͷఆཧ͸ࣔ͞Εͨɽ
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